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Preface 


The  development  of  polymeric  materials  over  the  last  30 
years  is  directly  traceable  to  the  chemist's  ability  to 
manipulate  structure  and  tailor  the  properties  of  organic 
materials  for  specific  applications.  The  phenomenal  success 
of  polymer  chemistry,  of  course,  rests  on  a  half  century  of 
small -molecule  chemical  research.  In  the  current  tech¬ 
nological  environment,  demands  for  organic  materials  often 
involve  competing  requirements  which  cannot  be  met  by 
single-component  polymers.  Although  multicomponent  systems 
are  often  proposed  to  meet  these  competing  demands,  the 
complex  interrelation  between  chemical  and  physical  factors 
makes  it  difficult  to  synthesize  these  materials  much  less 
optimize  their  properties.  It  has  become  clear,  therefore, 
that  a  research  base  is  needed  in  multiphase  polymeric 
materials  similar  to  that  which  underlies  single-phase 
organics.  This  symposium  was  organized  to  encourage  the 
development  of  such  a  research  base. 

When  we  first  proposed  this  symposium,  we  were  antici¬ 
pating  a  one  or  two  day  starter  symposium.  In  fact  we 
received  over  80  papers  from  all  over  the  world  indicating 
the  tremendous  interest  in  molecular  composites.  In 
addition,  the  meeting  supported  another  closely-related 
symposium  titled  "Multifunctional  Materials, "  which  was 
equally  large. 

The  symposium  was  deliberately  organized  to  include  not 
only  "traditional  molecular  composites  (miscible  blends  of 
rod  and  coil  molecules,)"  but  also  to  include  a  variety  of 
other  alloy  systems  from  blends  to  copolymers'  to  micro¬ 
phase-separated  systems.  To  seme  extent  this  broad  defini¬ 
tion  recognizes  the  fact  that  true  molecularly  miscible 
rod/coil  systems  are  exceedingly  rare.  The  idea  of  mate¬ 
rials  development  by  intimately  mixing  polymers  with 
fundamentally  different  properties,  however,  remains  viable 
if  phase  separation  can  be  restricted  to  microscopic  scales. 

We  were  delighted  that  two  graduate  student  award  winners 
presented  their  papers  in  Symposium  0.  Karen  Winey, 
University  of  Massachusetts,  received  the  award  for  her 
paper  titled  "The  Ordered  Bicontinuous  Double  Diamond 
Structure  in  Blends  of  Diblock  Copolymer  and  Homopolymer, " 
and  Dan  Q.  Wu,  State  University  of  New  York  at  Stony  Brook, 
received  the  award  for  his  paper  titled  "Small  Angle  X-Ray 
Scattering  on  Poly (Ethylene-Methacryl ic  Acid)  Lead  and  Lead 
Sulfide  ioncmers."  In  addition.  Dr.  Wu  chaired  the  session 
on  Synthesis/Electro-Optical  Properties. 
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INORGANIC-ORGANIC  COMPOSITES  BY  SOL-GEL  TECHNIQUES 
Helmut  SCHMIDT 

Fraunhofer-Institut  fUr  Silicatforschung,  Neunerplatz  2,  D-8700 
Wiirzburg,  Federal  Republic  of  Germany 


ABSTRACT 

The  sol-gel  process  opens  the  possibility  of  combining  in¬ 
organic  and  organic  units  to  new  hybrid  polymers.  Organic  units 
can  be  used  for  structural  modification  of  the  inorganic  back¬ 
bone,  for  creating  new  functions  within  an  inorganic  network 
and  for  building  up  organic  polymeric  chains.  The  materials  show 
interesting  perspectives  with  respect  to  structural  (surface 
hardness,  strength)  and  functional  properties  (e.  g.  diffusion, 
photocuring,  incorporation  of  dyes,  optical  properties).  A  re¬ 
view  over  structural  and  functional  properties  of  sol-gel  de¬ 
rived  inorganic-organic  polymers  (ORMOCERs  =  organically  modi- 
fied  ceramics  I  is  given. 


INTRODUCTION 

The  sol-gel  process  is  a  synthesis  route  to  inorganic  non- 
raetallic  materials.  Reactive  monomers,  oligomers  or  colloids 
can  be  used  as  starting  materials.  They  have  to  be  "activated" 
in  order  to  undergo  a  polycondensation  step  and  to  form  poly¬ 
meric  networks.  This  can  be  achieved  by  various  means  but,  in 
general,  by  creating  reactive  *MeOH  groups,  which  are  able  to 
form  =Me-0-Me*  bonds  during  the  condensation  step.  A  convenient 
route  is  the  use  of  alkoxides  as  precursors  which  react  with 
water  to  hydroxides,  condensing  spontaneously  to  polymeric  spe¬ 
cies  (I).  Similar  reactions  are  well-known  from  inorganic  salts, 
forming  hydroxides  and  precipitates  (2)  by  pH  change. 

H2° 

*MeOR  - -  *MeOH  (irreversible  step) 

■MeOH  +  ROMe*  -  =MeOMe=  +  HOR  (1) 

+  HOME*  -  *MeOMe=  +  H20 

R  =  alkyl 


h2° 

*MeX  - -  *MeOH  (reversible  step,  pH!) 

*MeOH  +  XMe*  -  *MeOMe*  +  HX  ( 2 ) 

+  HOMe*  -  *MeOMe*  +  H20 

X  =  anion  (Cl“,  N03-,..) 

Another  route  is  the  destabilization  of  colloidal  sols  by 
pH  change  either  in  organic  solvents  or  in  water.  All  these 
reactions  lead  to  gels,  containing  solvent  or  air  after  drying. 
Due  to  the  (in  general)  high  specific  surface  areas  of  these 
gels,  they  contain  adsorbed  molecules  from  the  processing  steps 
(water  or  organics)  or,  in  the  case  of  the  alkoxide  route,  un¬ 
hydrolysed  alkoxy  groups.  Organics  are  oxidized  or  pyrolyzed 
during  heat  treatments  of  gels,  converting  them  into  glasses  or 
ceramics.  Heat  treatments  are  necessary  to  enhance  diffusion 
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processes  (for  crystallization)  or  to  decrease  viscosity  (for 
glass  formation)  in  gels.  The  viscosity  of  inorganic  gels  is 
high  due  to  the  three  dimensional  crosslinking  of  the  inorganic 
building  units  (e.  g.  Si044 “  tetrahedron)  leading  to  the  typical 
brittleness  of  ceramics. 

Decreasing  network  connectivity  by  introducing  organic 
groupings  can  cause  a  remarkable  decrease  of  viscosity  of  sy¬ 
stems  with  pure  inorganic  backbones  and  leads  to  dense  materials 
at  temperatures  between  50  and  150  'c,  as  shown  in  [1-2].  An 
analogue  effect  can  be  observed  in  inorganic  glasses  where  the 
introduction  of  inorganic  network  modifiers  leads  to  lower  vis¬ 
cosities  compared  to  fused  silica.  The  combination  of  organic 
groupings  with  ceramics  can  take  place  via  various  routes,  e.  g. 
mechanical  mixing,  infiltration  and  chemical  synthesis  as  indi¬ 
cated  in  figure  1.  Mechanical  processes  are  the  most  common  and 
most  economical  processes,  but  the  chemical  routes  offer  new  and 
interesting  perspectives.  Linking  organic  units  to  inorganic 


(tiler  polymer  composile 


porous  or  gome  composite 

ceramics,  gels  monomers 

libers 


gas  phase 
and  liquid 
infiltration, 
swelling  of 
polymers 


composite 


Figure  1.  Routes  to  inorganic  organic  composites. 


ones  provides  the  possibility  of  controlling  the  size  scale  of 
inorganic  and  organic  domaines  in  the  final  product  but  also  to 
keep  them  on  the  liquid-liquid  mixing  level  (molecular  or  oli¬ 
gomer).  Therefore,  crosslinking  and  phase  reparation  mechanisms 
have  to  be  controlled.  The  simplest  way  to  prevent  separation  of 
inorganic  from  organic  units  is  to  have  them  attached  together 
by  chemical  bonds,  for  example  in  precursors  like  substituted 
alkoxy  silanes,  with  appropriate  functional  groupings,  alkoxldes 
with  complex  formers  or  salts  of  organic  acids  (figure  2). 


\ 

f 

) 


■Me-C* 


Me  =  Si ,  Sn,  Ge  . . . 
Me  =  Si,  . 


a  bond 


► 


■Me— O— C* 
■Me+-OCO-C» 
■Me  ♦-L-C- 


Me  =  A1 ,  Zr 
Me  =  Al,  Zr 


Ti , _ 

Ti,  Cu,  Pt 


a  bond 

ionic  bond 

coordination 

bond 


Figure  2.  Chemical  links  between 
organic  and  inorganic  units. 

Then,  the  inorganic  crosslinking  reaction  can  take  place  by 
hydrolysis  and  condensation  of  the  alkoxy  group  via  a  typical 
sol-gel  reaction  ( equation  3 ) .  The  properties  of  the  reaction 

R  R  R 

RMe  { OR )  3  -  RMe(OH)3  -  -Me-O-rie-O-lle-o-  (3) 


product  depend  strongly  on  the  type  and  the  number  of  R  per  in¬ 
organic  unit.  In  silicones,  RSi*  and  R2Si=  units  are  used  [3], 

The  ■Si-C«  bond  can  be  used  as  a  general  link  between  the 
inorganic  and  the  organic  side.  For  R  corresponding  to  a  non¬ 
reactive  organic  group,  a  pure  organic  network  modification 
results.  This  principle  is  used  for  spin-on  glasses  [4]  which 
can  be  densified  at  temperatures  as  low  as  200  -  300  ‘c,  com¬ 
pared  to  800  -  900  °C  of  sol-gel  silica  and  applied  in  thick¬ 
nesses  of  more  than  20  ^m.  This  type  of  material  represents  the 
group  of  organically  network  modified  glasses  and  ceramics. 

For  R  corresponding  to  a  functional  organic  group,  chemical 
functions  can  be  introduced  into  these  networks,  leading  to  spe¬ 
cial  properties  like  adsorptive  properties  [5],  reactive  sur¬ 
faces  to  special  molecules  [6]  or  sensors  [7].  This  group  repre¬ 
sents  the  type  of  oraanofunctional  modified  glasses  or  ceramics. 
Functional  groups  which  are  able  to  be  polymerized  lead  to  the 
additional  organic  chains  within  the  inorganic  network  and  to 
hybrid  polymers  (inorganic-organic  polymers),  equation  (4).  This 
principle  can  be  varied  by  incorporation  of  organic  monomers  as 
indicated  in  equation  (5). 

The  construction  principles  shown  above  are  all  character¬ 
ized  by  a  chemical  bond  between  the  inorganic  network  and  the 
organic  group.  A  lack  of  this  bond  leads  to  two  independent  or 
interpenetrating  networks .  In  opposition  to  the  "chemically 
linked"  case,  the  possibility  of  separation  of  the  "organic" 
from  the  "inorganic"  phase  exists,  leading  to  a  composit  type 
of  material,  as  indicated  in  figure  1.  Examples,  therefore,  are 
given  by  Mark  and  Wilkes  [8-9]  and  [10].  These  inorganic-organic 
phase  separated  materials  show  a  drastic  change  in  mechanical 
properties  compared  to  the  original  organic  polymer  (e.  g.  in¬ 
crease  of  tensile  strength  and  modulus  of  elasticity). 
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I  I 

0  0 

I  I 

CHj-CH-Si-CHj  CHj-CH-Si-CH, 
0  0 

'  I  ‘ 

addition 

I  I 

0  0 

I  I 

CHj-CH -Si  -  CHj-CHj-CHj-Si -CH, 

0  0 

I  I 


(5) 


-  .CH-CIMt)- 
R  « «.g.  COOMc 

C00CH,CHCH,-0-l 


ASPECTS  OF  PROPERTIES 


General  aspects 

As  indicated  above,  the  introduction  of  organic  groupings 
into  an  inorganic  network  leads  to  structural  variations.  On  the 
average  a  decrease  of  the  network  connectivity  number  decreases 
Tg  and  increases  the  thermal  expansion  coefficient  (TCE)  a.  Fi¬ 
gure  3  shows  Tg  and  a  as  a  function  of  different  "organic-inor¬ 
ganic"  bonds  «Me-R  (x)  per  total  number  of  inorganic  groupings. 
There  is  a  clear  tendency  showing  that  for  these  properties  x 
is  the  dominating  parameter. 


10 

I 

P 

c 

a 


200 


100 


0 

6  0.5  1,0  15 


8 - / ZrOj 

e 

O  Epoxy/ TiOj 


□ 

□  (t>2Si0/Ti02 


((>  S1O3/2  Si02 


X 


Figure  3.  a  and  Tg 
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The  influence  of  the  type  of  the  organic  group  does  not  seem 
to  play  the  most  important  role,  but  a  tendency  to  a  steeper 
slope  of  the  Tg  function  with  increasing  concentration  of  cross- 
linking  organic  units  (figure  3)  is  observed;  for  x  =  <  0.7  no 
Tg  values  could  be  measured  below  decomposition,  probably  due  to 
the  increasing  immobilization  of  the  organic  group  within  the 
inorganic  network. 

The  densities  (compared  to  the  pure  inorganic  materials) 
decrease  drastically  as  a  result  of  the  organic  modification. 

As  pointed  out  in  [11],  the  computed  densities  (between  2  and 
3  g/cm3)  differ  from  the  measured  ones  remarkably  which  are  be¬ 
tween  1.35  and  1.65  g/cm3.  This  indicates  the  existence  of  a 
free  volume  similar  to  organic  polymers  [12].  In  [13]  neutron 
scattering  experiments  show  that  the  glass  transition  can  be 
correlated  with  the  chain  movement,  supporting  the  hypothesis  of 
a  free  volume  based  low  density.  The  investigations  were  carried 
out  with  amino  modified  Si02  condensates. 

Homogeneity  is  an  important  property  if  optical  applications 
are  of  interest.  In  a  single  component  system  without  intergra¬ 
nular  interfaces  optical  transparency  should  be  obtained  easily. 
Organic  polymers,  however,  tend  to  form  crystalline  phases  thus 
disti"  Oing  optical  transparency.  This  can  also  be  induced  by 
ageing,  thermal  or  mechanical  stresses  and  leads  to  the  ques¬ 
tion  of  structural  stability.  Basically,  a  three-dimensional 
inorganic  network  should  be  stable  and  no  structural  rearrange¬ 
ment  should  be  possible  after  sufficient  curing.  For  the  pre¬ 
paration  of  sol-gel  derived  multicomponent  systems  one  has  to 
take  into  consideration  phase  separation  effects  based  on  dif¬ 
ferent  rates  of  reactions  of  the  precursors,  e.  g.  Ti  and  Si 
alkoxides.  Adaption  of  rates  is  limited  and  cannot  successfully 
be  used  to  enable  a  simple  addition  of  water  to  a  mixture  of 
Ti(OEt)4  and  (CH,0) 3Si-CH,-CH2-0-CH2-CH-CH,-0-l  (Si-epoxy) :  If 
water  is  added,  TiO,  precipitates.  Controlled  release  systems 
for  water  in  order  to  avoid  high  concentration,  accompanied  by 
heavy  stirring  leads  to  a  partial  hydrolysis  of  the  fast  react¬ 
ing  components  and  to  a  condensation  via  the  alkoxide  substi¬ 
tution  ( 6 ) . 


x's  H,0 

Ti(0Et)4  - *  Ti (OH) 4  -  Ti02.H20 

slow  release 

Ti ( OEt ) 4  - •  (RO)3TiOH 

of  water  (6) 


■MeOR  +  HOTi ( OR)  3  ->  ■Me0Ti(0R)3 

This  is  in  accordance  with  Livage's  electronegativity  driven 
reaction  scheme  [14].  In  a  composition  (molar  ratio)  of  about 
30  Ti(OEt) 4 ,  65  Si-epoxy  and  5  Si(0Et)4,  the  addition  of  only 
1/16  of  the  total  amount  of  water  is  necessary  to  be  added  by  a 
controlled  release  process  (CCC  according  to  [15]  or  H20  doped 
silica)  to  prevent  precipitation  after  addition  of  the  full 
amount.  The  reaction  scheme  is  shown  in  figure  4.  The  hydrolysis 
rates  increase  in  the  ofder  Si (OEt).  <  Si-epoxy  <  Ti(0Et)4.  The 
preparation  leads  to  a  homogeneous  liquid  with  a  general  struc¬ 
ture  proposed  in  figure  4  which  can  be  used  for  coatings  [16]. 
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The  material  does  not  show  any  phase  separation  down  to  1  nra 
(resolution  of  the  TEM) . 


♦  [  potymtmolion 


♦  j  cond«nsotion  j 
HHR 

R‘ Si(OR) 3  *  TKOty*  HjO  R'Si(0R}j  t  HO  TT(0R)3 
R‘  Si(0R)3  ♦  HO  r,(0R)3-°HR  R‘  Si(0R)2 
o-ri(OR)3 
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OR 
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Figure  4.  Reaction  scheme  for 
the  preparation  of  Ti  contain¬ 
ing  hard  coatings. 


Similar  techniques  can  be  used  for  combinations  with  other 
alkoxides  like  Al(OR)j,  Zr(OR)4  or  Sn(OR)4.  This  demonstrates 
that  homogeneous  multicomponent  materials  can  be  prepared  by  an 
appropriate  chemical  processing. 


Structural  properties  and  aspects 

One  of  the  most  interesting  properties  of  these  groups  of 
compositions  is  the  abrasion  resistance  if  used  as  coatings 
[16].  Haze  measurements  after  taber  abrader  tests  show  values 
close  to  those  of  float  glass  surfaces.  The  moduli  of  elasticity 
are  between  1  and  7  GPa,  that  means  remarkably  lower  than  those 
of  glass  and  ceramics.  However,  the  low  moduli  are  an  important 
prerequirement  for  coating  organic  polymer  surfaces.  First,  the 
lower  modulus  can  help  to  overcome  stresses  resulting  from  TCE 
differences  between  substrate  and  coating  (high  CTE  of  the  coat¬ 
ing  materials  according  to  figure  3  is  helpful,  too).  Second, 
for  practical  use,  coating  thicknesses  for  abrasion  resistance 
have  to  be  in  the  range  of  >  5  um,  a  thickness  which  can  be 
achieved  for  densified  inorganic  sol-gel  coatings  only  by  a 
multiple  coating  process  and  which  leads  to  cracks  caused  by 
stresses  due  to  the  CTE  mismatch  dependent  on  the  preparation 
technique.  As  a  consequence,  there  are  no  pure  inorganic  thick 
protective  coatings  on  soft  plastics  available.  The  comparison 
of  the  behavior  of  ORMOCER  coatings  on  ceramic  coatings  is 
schematically  illustrated  in  figure  5. 

The  modulus  is  very  sensitive  to  the  concentration  of  in¬ 
organic  units  and  to  the  type  of  inorganic  network  formers  and 
increases  in  the  order  Zr  <  Ti  <  Al.  The  abrasion  resistance 
corresponds  to  this  order.  Based  on  these  findings,  various 
scratch  resistant  systems  have  been  developed,  as  described  in 
[16-17],  for  example  for  CR  39,  polycarbonates,  PC,  PMMA,  but 
also  for  metals,  like  braBS. 
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inorganic,  brittle 
coating 


50  GPa 


organically  Modified 
flexible  coating 


E  =  5  GPa 
_  5  |ie 


polymer  substrate  polymer  substrate 

crack  formation  by  indentation 


asu 


u 


polymer  substrate 


polymer  substrate 


crack  formation  by  CTE  mismatch 
based  stresses 

Figure  5.  General  behaviour  of  low  and  high 
moduli  coatings  on  plastics. 

Other  mechanical  properties  like  bending  strength 
depend,  as  expected,  very  much  on  the  degree  of  organic 
crosslinking.  In  table  t,  the  results  of  3-point  bending 
experiments  are  given. 

Table  I.  3-point  bending  experiments 
on  various  polymers. 


Type 

Curing 

orB(MPa) 

A  Sio2/Si-epoxy/ 

TiOj 

thermal 

(130  *C) 

3 

B  Si02/Si-epoxy 

Si  methacryl/TiOz* 

thermal  (130  'c) 

+  photo 

4-5 

C  SiOj/Si-epoxy/Si- 
metnacryl/Ti02 

MMA* 

thermal  (130  ’C) 

+  photo 

8-9 

D  sio2/(C6H5)2sio/ 
CH3(CH2«CH)SiO** 

thermal  (200  "C) 

+  photo  +  thermal 
(130  *C) 

30 

E  zr02  (methacrylic 
acid  (MA) 
Si-methacryl*** 

photo  +  thermal 
(100  -  150  *c) 

80  -  90 

*  accordinq  to  (ltj  “  according  to  [2] 

***  ampliation  of  !r[o-prop|,  with  nethacrylic  acid  (1:1)  and  subsequent 
hydrolysis  and  condensation  by  pbotocurinq  with  Irqacure  1M  (Ciba  Geiqy) 
(19| 


10 


In  composition  A  the  epoxy  is  reacted  to  a  glycol  group  that 
means  no  organic  crosslinking  takes  place.  The  materials  are 
brittle,  they  are  cured  in  polypropylene  moulds,  the  surface 
quality  of  which  is  defining  the  number  and  size  of  surface 
flaws  (influence  of  flaws  on  strength  has  not  been  investigat¬ 
ed).  The  number  of  organic  crosslinking  units  increases  from  A 
to  E,  but  all  materials  are  brittle  with  negligible  plastic 
deformation.  According  to  this  data,  a  clear  connection  between 
strength  and  organic  crosslinking  exists.  The  first  results 
obtained  from  methacrylic  acid  condensates  show  bending  strength 
values,  already  suitable  for  structural  applications,  even  if 
the  systems  are  not  optimized  so  far. 

Another  example  for  property  changes  is  the  building  up  of 
inorganic  networks  within  already  formed  organic  polymers,  for 
example  ethylvinyl  acetate  copolymer  (EVA)  according  to  [10] 
where  the  extremely  low  EVA  modulus  increases  to  about  5  GPa  by 
addition  of  50  wt.%  Ti(OEt).  to  the  polymer  solution  in  toluene. 
Depending  on  the  route  of  addition  of  water,  phase  separated 
(figure  6a;  H20  is  added  rapidly  via  atmosphere)  or  non-phase 
separated  polymers  (figure  6b,  H20  is  added  via  a  controlled 
chemical  condensation  process  [16];  phase  separation  not  visible 
within  the  resolution  of  the  instrument  =  2  nm). 


Figure  6a  and  6b.  TEM  of  a  Tio2/EVA  copolymer. 
6a:  phase  separation  about  100  nm;  6b:  no  phase 
separation  or  separation  <  2  nm;  bar:  100  nm. 


Functional  properties 

Despite  the  fact  that  the  investigation  of  structural  properties 
of  OKMOCERs  (except  abrasion  resistance)  is  at  its  beginning, 
the  question  arises  whether  they  can  be  combined  with  functional 
properties.  Developments  of  special  functional  properties  have 
already  been  published  elsewhere.  Table  II  gives  a  survey  over 
various  developments. 
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As  one  can  see  from  these  examples,  the  introduction  of  func¬ 
tions  into  ORMOCERs  can  lead  to  interesting  properties  and 
potentials  for  applications. 


Table  II.  Development  of  functional  ORMOCERs 
and  corresponding  organof unctional  groups. 


Property 

Application 

Chemical  Function 

Reference 

hydropho- 

bicity 

contact  lenses 

epoxy  to  glycol 

[18] 

reactive 

surfaces 

carrier  for  enzymes 
radioimmunoassay 

WNH2 ,  AACOOH 

[20] 

adsorption 
of  C02 

heat  pump 

-ch3,  a/\nh2 

[5] 

S°2 

adsorption 

SO 2  gas  sensor 

aanr2 

[7,  21] 

mild  abrasion 

acne  ointment 

(CH3)2siO/sio2 

[23] 

adhesion  to 
glass  sur¬ 
faces 

protective  coat¬ 
ings  on  medieval 
glasses;  sealing 
agent 

(C$H5)2SiC°- 
sSlOR  0H 

[24-25] 

NIR  absorp¬ 
tion 

solar  protection 

v4+ 

[26] 

H+  conducti¬ 
vity 

solid  state 
electrolytes 

/VA.NH3+X- 

[27-28] 

low  e ,  high 
resistance 

dielectric 

materials 

Si02 ,  hydro¬ 
carbons 

[29] 

low  hydrocar¬ 
bon  diffusion 

gas  tanks 

5Si-Q- 

-AK°" 

[29] 

micro  pat¬ 
terns  by  pho¬ 
tolithography 

SMT  technologies, 
laser  writing, 
resists 

*Si-methacryl 
sSi-vinyl 
=Si -epoxy 

[30] 

fluorescent 

coatings 

solar  collectors 

fluorescent  organic 
dyes 

[31] 

thermo¬ 

plasticity 

hot  melts 

(C6H5)2SiO 

[32] 

refractive 

index 

optical 

coatings 

Ti ,  Zr ,  aryl 

[33] 
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CONCLUSIONS 

The  combination  of  functional  with  structural  properties  in  most 
cases  can  be  achieved  and  functions  can  be  transferred  to  hard 
coatings.  Of  special  interest  is  the  question,  how  far  these 
materials  are  able  to  play  an  important  role  for  key  technolo¬ 
gies.  Their  ability  of  being  patterned  is  important  for  micro¬ 
electronics  or  microsystems,  especially  in  combination  with 
other  properties  like  sensor  properties ,  low  or  high  dielectric 
constants,  low  H,0  diffusion  or  temperature  stability.  There¬ 
fore,  the  knowledge  of  structure  to  property  relations  has  to  be 
improved.  The  high  homogeneity  shows  an  interesting  potential 
for  optical  applications,  especially  in  combination  with  other 
functions  like  dye  incorporation.  The  properties  of  nanocompo¬ 
sites  based  on  ORMOCERs  are  hardly  investigated  up  to  now  des¬ 
pite  the  possibility  to  tailor  such  composites  by  controlled 
phase  separation. 
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ABSTRACT 

The  synthesis,  structure/property  behavior  of  inorganic-organic 
hybrid  network  materials  prepared  by  the  sol  gel  process  have  been 
chronologically  reviewed  with  emphasis  on  those  systems  prepared  in  the 
authors  laboratory.  Specific  features  of  reactions  as  well  as  the  nature 
of  reactants  are  included.  The  morphological  features  of  these  "ceramer" 
systems  formed  have  many  features  in  common  even  though  the  reactants  may 
be  quite  different.  The  mechanical  properties  of  the  final  materials  in 
conjunction  with  SAXS  have  proven  beneficial  in  establishing  the  basics  of 
their  morphological  texture.  Finally,  it  is  demonstrated  how  microwave 
radiation  in  some  cases,  can  serve  as  an  efficient  way  in  processing  the 
ceramer  systems. 


INTRODUCTION 

In  1985  work  was  initiated  within  our  laboratories  with  the  objective 
being  to  develop  novel  organic-inorganic  hybrid  network  materials  by 
reacting  metal  alkoxides  with  functionalized  polymeric/oligomeric  species 
by  the  sol  gel  process  [1].  This  paper  addresses  this  topic  with  emphasis 
on  work  from  our  laboratory  but  also  will  touch  upon  related  work  of 
others.  Since  the  authors  will  principally  address  their  research, 
omissions  to  the  other  workers  has  not  been  by  design  but  is  due  to  space 
1  imitations. 

The  classic  sol  gel  reaction  generally  involves  both  the  hydrolysis 
and  condensation  of  metal  alkoxides.  Generally,  these  two  reactions  occur 
simultaneously  once  the  hydrolysis  step  has  been  initiated.  The  reaction 
rates  of  each  are  highly  dependent  upon  such  variables  as  the  temperature, 
pressure,  local  pH,  nature  of  the  metal  alkoxide  and  the  environment  in 
which  the  reaction  takes  place  (e.g.  concentration  of  water,  alcohols  and 
other  solvent  media  components  utilized).  Of  course,  the  condensation 
step  generally  lead  to  loss  of  a  water  molecule  while  each  hydrolysis  step 
leads  to  the  production  of  an  alcohol  component  -  both  of  these  features 
contribute  to  the  high  shrinkage  that  occurs  during  the  sol -gel  process. 
However,  there  is  still  much  more  information  needed  to  understand  the 
classical  sol  gel  reactions.  Our  goal,  however,  has  not  been  to  focus  on 
these  features  as  much  as  to  util  i ze  the  sol  gel  reactions  of  metal 
alkoxides  as  a  means  of  developing  new  materials  by  the  incorporation  of 
appropriate! v  functionalized  organic  ol ioomeri c/pol vmeric  components. 
Restated,  the  goal  has  been  to  Incorporate  both  inorganic  and  organic 
based  materials  into  a  single  network  system  that  may  possess  properties 
that  are  either  unique  and/or  somewhat  intermediate  between  those  of  the 
pure  organic  and  pure  Inorganic  networks.  They  might  also  allow  control 
of  a  wide  range  of  refractive  Index  values  and  at  the  same  time  the 
material  may  still  retain  flexibility.  Such  flexibility  would  be  in 
contrast  to  the  more  brittle  nature  common  to  the  alkoxide  networks. 
These  hybrids  might  allow  new  "window"  materials  to  be  developed  for 
specific  regions  of  the  electromagnetic  spectrum.  Furthermore,  their 
mechanical  and  dielectric  behavior  may  suggest  their  potential  for 
coatings,  encapsulants,  etc.  for  commercial  applications.  Indeed,  within 
this  paper,  controlling  the  optical  property  of  refractive  index  will  be 
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illustrated  as  a  means  of  showing  the  novelty  of  our  hybrid  network 
materials. 

The  majority  of  our  efforts  in  this  field  has  emphasized  the 
oligomeric/polymeric  species  as  the  dominant  component  within  the  final 
network  material.  Hence,  the  materials  tend  to  be  flexible.  We  have 
termed  such  materials  "ceramers"  to  imply  some  combination  of  ceramic  like 
behavior  with  that  of  polymeric  behavior.  However,  it  is  recognized  the 
firing  of  such  materials  would  lead  to  the  destruction  of  the  organic 
component  and  thus  destroy  the  original  network.  Yet,  high  temperature 
treatment  of  these  materials  could  potentially  lead  to  novel  materials  in 
terms  of  controlled  porosity.  These  materials  might  be  suitable  for 
chromatographic  supports,  catalyst  supports,  etc.  However,  our  goal  has 
been  not  to  utilize  high  temperature  treatments  of  the  final  system  but 
rather  to  investigate  the  initial  hybrid  network. 

Other  researchers,  in  particular  Schmidt,  have  reported  studies  on 
related  materials.  Schmidt  and  coworkers  have  developed  hybrid  systems 
which  they  termed  “ormosils”  for  organically  modified  silicates  [2]. 
Their  studies  have  emphasized  the  use  of  tetraethylorthosil icate  (TEOS) 
and  related  silicon  based  alkoxides.  The  ormosils,  in  general,  arc  based 
on  the  incorporation  of  much  lower  molecular  weight,  functionalized 
organics  for  purposes  of  modifying  the  more  alkoxide  dominated  systems. 
This  is  in  contrast  with  the  work  that  will  be  reviewed  principally  in 
this  paper.  Mark,  et  al .  have  also  developed  hybrid  inorganic/organic 
systems,  but  their  approach  in  general  has  been  the  base  catalyzed 
formation  of  small  particulate  "in  situ"  inorganic  fillers  within  a 
polydimethylsiloxane  network  dominated  matrix  [3], 


Some  Structural  Features  of  the  Ceramer  Systems 

The  initial  ceramers  that  we  prepared  utilized  silanol  terminated 
polydimethylsiloxane  (PDMS)  oligomers  which  were  of  functionality  two. 
They  were  incorporated  into  a  silicate  network  by  condensation  of  their 
terminal  groups  with  the  silicic  acid  species  from  hydrolyzed  TEOS.  These 
reactions  were  acid  catalyzed  to  promote  more  chainlike  inorganic 
structures  as  reported  by  Schaefer,  et  al.  [4],  The  effect  of  acid  level, 
acid  type,  water  content  and  oligomer  molecular  weight  were  investigated 
for  their  effect  on  the  morphology  and  general  structure  property 
behavior.  As  reported  elsewhere  [1,5,6],  the  final  materials  in  multi-mil 
film  form  (i.e.  typically  5  to  20  mils  thick)  showed  flexibility  and 
optical  transparency.  However,  brittleness  occurred  if  only  a  small 
amount  of  the  PDMS  component  was  utilized.  While  these  materials  did 
demonstrate  our  ability  to  prepare  hybrid  networks,  they  did  not  display 
high  tensile  strength  or  elongation  which  was  attributed  to  some  loose  or 
dangling  chain  ends.  Dangling  chain  ends,  which  may  result  from  lack  of 
incorporation  of  the  silanol  endcapped  PDMS,  would  promote  network 
defects.  These  network  defects  and  the  generally  poorer  mechanical 
properties  of  PDMS  would  contribute  to  lower  tensile  strength.  In  order 
to  promote  better  mechanical  properties  in  terms  of  strain  to  break  and 
tensile  strength,  we  utilized  hydroxyl  terminated  poly(tetramethylene 
oxide)  (PTMO),  another  flexible,  functionalized  oligomer.  The  PTMO  was 
further  functionalized  by  reacting  the  terminal  hydroxyl  group  with 
isocyanatopropyltriethoxysilane  which  leads  to  a  reactive  oligomer  of 
functionality  six.  The  molecular  weight  of  these  oligomers  was  varied 
from  650  to  2900  g/mol  and  reacted  with  TEOS  to  produce  transparent 
flexible  materials.  The  moduli  (stiffness)  of  these  materials  was  found 
to  be  dependent  on  the  oligomer  molecular  weight  as  well  as  the 
composition  ratio  of  alkoxide  to  PTMO.  The  high  transparency,  along  with 
recognition  of  the  large  difference  in  refractive  index  between  the  two 
components  clearly  illustrated  that  no  major  macro  phase  separation 
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occurred.  However,  on  a  very  localized  scale,  l.e.,  10  nm,  a 
variation  In  composition  was  developed  as  noted  by  small  angle  x-ray 
scattering  (SAXS)  [7,8,9,10].  The  general  morphological  model  that  was 
developed  based  on  this  work  Is  schematically  given  in  Fig.  1.  The  reader 
should  recognize  that  a  variation  In  the  level  of  phase  mixing  can  occur 


Fig.  1.  Schematic  showing  general  morphology  of  a  ceramer  on  a  molecular 
level  -  see  text  for  details. 

depending  on  the  relative  compatibility  of  the  reacting  components  as  well 
as  the  specifics  of  the  reaction  conditions.  The  basis  for  the  model  in 
Fig.  1  extends  from  the  observation  that  the  SAXS  behavior  typically 
Illustrated  a  single  shoulder  or  peak  with  an  estimated  correlation 
distance  of  10  nm.  However,  this  distance  has  varied  somewhat 
depending  upon  oligomer  molecular  weight,  composition  ratios,  etc. 
[7,8,9,11,12,13,14,18].  Furthermore,  the  high  angular  tail  of  the 
scattering  curve  also  generally  suggested  that  some  level  of  mixing  of  the 
Inorganic  occurs  within  the  oligomeric  phase  thereby  broadening  the 
scattering  profile.  This  same  conclusion  regarding  partial  phase  mixing 
was  also  based  on  the  many  dynamic  mechanical  spectra  (QMS)  that  have  been 
gathered  on  the  PTMO/TEOS  hybrids  as  well  as  other  ceramers  that  will  be 
discussed. 

In  these  earlier  studies,  we  noted  that  the  level  of  reaction  may  be 
Influenced  by  diffusion  control  following  vitrification  which  limits 
mechanical  properties.  However,  If  the  gels  that  had  been  cast  under 
ambient  conditions  were  heated  to  a  higher  temperature,  the  extent  of 
reaction  was  increased.  In  some  cases,  this  post  gelation  treatment  put 
elongation  to  break  through  a  maximum  while  tensile  strength  tended  to  be 
enhanced  [19,20].  Depending  upon  the  general  glass  transition  behavior  of 
the  functionalized  oligomeric  species,  the  Importance  of  diffusion  control 
reactivity  was  also  more  or  less  enhanced  as  would  be  anticipated.  This 
suggested  that  higher  temperature  glass  transition  oligomers  would  need  to 
be  processed  Into  ceramer  networks  above  their  respective  glass  transition 
values  accordingly.  A  good  example  of  this  latter  situation  has  been 
demonstrated  by  our  studies  of  trlethoxysllane  capped  poly(ether  ketone) 
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(PEK)  oligomers  of  ca.  3500  grams  per  mole  [18].  These  species  were 
compatible  within  a  reacting  mixture  of  TEOS  up  to  reasonably  high  levels, 
but  gelation  and  vitrification  occurred  at  low  extents  of  reaction  due  to 
the  higher  glass  transition  behavior  of  the  PEK  component  (Tg  c^.  180°C). 
Thus,  the  final  network  solids  needed  to  be  post-cured  above  200° C  to  make 
strong  transparent  films. 

Following  the  studies  just  described,  our  efforts  began  to  focus  on 
the  incorporation  of  other  metal  alkoxides  in  conjunction  with  TEOS. 
Titanium  (IV)  tetrai sopropoxide  (Ti(OPr))  was  a  principal  alkoxide  since 
this  species  promotes  a  higher  refractive  index  network.  However,  due  to 
the  much  higher  hydrolysis  and  condensation  rates  of  the  Ti(OPr)  one 
cannot  add  water  directly  to  the  reaction  system.  Thus,  a  new  reaction 
scheme  was  established  by  modifying  Schmidt's  procedure  denoted  as 
controlled  chemical  condensation  [21].  Our  modification  of  this  procedure 
has  been  discussed  elsewhere  [8,20].  It  was  successful  in  promoting 
transparent  multi -mil  films  of  the  two  mixed  metal  alkoxides  with  a 
variety  of  functionalized  PTMO  or  tri ethoxy s i  1  ane  capped 
poly(dimethylsiloxane)  oligomers.  In  all  cases,  an  acidic  environment  was 
utilized  for  purposes  of  minimizing  any  particulate  growth  of  the 
inorganic  component.  It  was  also  noted  that  any  time  the  titanium 
reactant  was  used,  the  modulus  of  a  given  system  was  higher  following 
network  formation.  This  suggested  that  this  reactant  served  to  catalyze 
the  reaction  to  a  higher  level  of  conversion.  Thus  the  final  product 
developed  a  higher  network  density  and  higher  modulus  accordingly  as 
denoted  by  DMS  [8,20].  Further  proof  of  this  speculation  came  from  the 
fact  that  post  curing  caused  less  change  in  properties  again  indicating 
that  a  higher  extent  of  reaction  had  occurred. 

The  morphological  features  of  these  mixed  alkoxide  systems  also 
seemed  to  be  rather  similar  to  those  discussed  earlier.  Their  SAXS 
behavior  suggested  that  the  general  schematic  model  given  previously  in 
Fig.  1  was  still  valid  as  a  simplified  description  of  these  systems. 
However,  the  inorganic  regions  would  now  likely  contain  both  alkoxide 
moieties. 


Recent  Ceramer  Systems  and  Their  Structure-Property  Features 

Turning  to  some  of  our  more  recent  studies  (hence  more  details  will 
be  provided)  we  have  been  successful  in  directly  incorporating  aluminum 
alkoxides  or  titanium  alkoxide  with  functionalized  oligomers  but  without 
any  TEOS.  Our  first  success  in  this  endeavor  was  to  utilize  a  bidentate 
chelating  agent  -  that  of  ethyl  acetoacetate  (EACAC).  EACAC  promoted  a 
stable  sol  when  reacted  with  the  alkoxides  of  aluminum  secondary  butoxide 
or  Ti(OPr).  This  sol  could  be  reacted  later  with  additional  alkoxide  and 
functionalized  oligomer  leading  to  transparent  multi -mil  films  of  these 
EACAC  modified  ceramers.  One  disadvantage  found  was  noted  specifically 
for  the  alumina  based  materials.  They  illustrated  that  on  the  order  of  15 
weight  percent  could  be  extracted  from  the  final  network.  The  extractable 
by-products  were  speculated  to  be  based  on  a  cyclic  species  from  the  self 
condensation  of  the  EACAC  component  [23].  Yet,  the  Ti (0Pr)/EACAC  based 
ceramers  showed  only  a  very  small  percentage  (1-2  wt.  %)  of  extractables. 

SAXS  analysis  of  the  latter  ceramer  systems  again  illustrated  that  a 
single  correlation  distance  existed  on  the  order  of  10  nm.  Therefore,  the 
morphological  features  were  somewhat  similar  to  what  was  illustrated 
earlier  in  Fig.  1.  0MS  data  and  stress  strain  response  provided  general 
support  of  this  same  model.  [Later  within  this  paper,  another  newer  route 
for  preparing  the  more  highly  reacted  metal  alkoxides  Into  ceramer  systems 
but  without  the  chelating  agent  will  be  discussed. 

On  a  somewhat  different  subject,  we  have  recently  demonstrated  that  a 
polymeric  catalyst  can  be  effectively  utilized  to  promote  reactivity  in 
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the  ceramer  systems.  This  approach  is  in  contrast  to  the  general  classic 
sol  gel  reactions  that  utilize  low  molecular  weight  acidic  or  basic 
catalysts  such  as  hydrochloric  acid  (HC1)  or  an  organic  amine  respectively 
[24].  In  fact,  our  newer  approach  should  also  function  for  the  classic 
sol  gel  reactions  where  no  additional  oligomer  is  added.  Basically,  our 
goal  was  to  illustrate  that  the  use  of  a  higher  molecular  weight  polymeric 
catalyst,  (e.g.,  polystyrene  sulfonic  acid  (PSS) )  would  not  greatly  change 
the  final  materials  compared  to  those  prepared  by  a  lower  molecular  weight 
catalyst  as  HC1.  Also,  with  the  polymeric  species  present,  the  viscosity 
would  be  enhanced  more  quickly  which  therefore  would  influence  the 
rheological  behavior  of  this  system  -  a  feature  of  importance  in  coating 
or  spinning  operations.  Indeed,  shown  in  Fig.  2  are  the  DMS  obtained  on  a 
TEOS-PTMO  system  where  the  initial  weight  fraction  of  the  TEOS  component 
and  the  2000  g/mol  molecular  weight  functionalized  PTMO  were  each  50 
weight  percent  [11,15] .  One  hundred  percent  of  the  stoichiometric  amount 
of  water  required  for  the  hydrolysis  of  the  alkoxide  groups  was  utilized. 
A  constant  equivalence  of  acid  of  both  the  PSS  as  well  as  the  HC1  was 


Fig.  2.  Storage  modulus  and  tan  S  behavior  (at  a  frequency  of  11  Hz) 
illustrating  a  higher  extent  of  reaction  in  TEOS/PTMO  ceramers 
catalyzed  with  PSS  vs.  HC1 . 

maintained  at  0.0143  eq.  The  PSS  polymer  was  of  70,000  g/mol  molecular 
weight  and  was  fully  functionalized  into  the  acid  form  as  was  determined 
by  end  point  titration.  The  resulting  DMS  of  the  ceramers  in  Fig.  2 
indicated  that  there  is  some  difference  between  the  two  catalyzed 
materials.  Above  Tg,  the  modulus  of  the  PSS  system  is  higher  relative  to 
the  HC1  catalyzed  system.  Certainly  this  suggests  a  higher  level  of 
network  formation.  In  addition,  the  tan  S  response  is  of  a  bimodal  nature 
for  both  materials  with  nearly  equivalent  breadth  of  the  combined 
dispersions.  As  discussed  elsewhere  [15],  the  higher  modulus  in 
conjunction  with  the  somewhat  lower  tan  6  response  for  the  PSS  catalyzed 
system  has  been  attributed  to  the  "tightening"  of  the  network  promoted 


from  the  condensation  of  the  TEOS  that  is  partially  mixed  within  the  PTMO 
phase.  This  restricts  the  PTMO  mobility  and  decreases  the  tan  S  response 
accordingly.  However,  since  the  thermal  breadth  of  the  dispersion  for 
both  samples  is  nearly  the  same,  l.e.,  -75* C  to  +100*C,  the  general 
features  of  the  morphological  character  were  speculated  to  be  the  same 
although  the  extent  of  curing  Is  different.  Further  proof  for  this 
extended  from  Fig.  3  where  the  relative  SAXS  Intensity  obtained  Is 
provided  and  plotted  against  the  scattering  variable  s  where  s  is  defined 
as  (2/x)s1ne  with  X  being  the  wavelength  utilized  (1.54A)  and  e 


Fig.  3.  SAXS  profiles  demonstrating  a  higher  scattering  contrast  factor 
for  a  TEOS/PTMO  ceramer  catalyzed  with  PSS  versus  HC1 . 

representing  one  half  of  the  radial  scattering  angle.  One  clearly  notes 
from  Fig.  3  that  both  the  PSS  and  HC1  catalyzed  materials  display  a 
scattering  peak  with  the  estimated  correlation  distance  between  regions  of 
comparable  electron  density  to  be  about  10  nm.  (This  latter  result  and 
those  prior  to  It  are  based  on  smeared  SAXS  scans.  Desmearing  procedures 
however,  lead  to  rather  comparable  results  and  therefore  the  general 
correlation  distance  mentioned  before  is  still  approximately  correct.) 
One  notes  from  these  SAXS  scans  that  the  PSS  material  shows  a  higher 
intensity  at  smaller  s  relative  to  that  of  the  HC1  catalyzed  system  yet 
the  high  angular  tall  regions  of  each  are  nearly  the  same.  Indeed,  this 
was  expected  since  the  PSS  material  was  believed  to  have  a  higher  extent 
of  reaction  (recall  Fig.  3).  This  In  turn  would  also  lead  to  a  greater 
level  of  condensation  of  the  metal  alkoxlde  which  would  raise  Its  electron 
density  relative  to  PTMO.  Thus,  the  scattered  intensity  would  increase 
accordingly  (15).  The  overall  results  therefore  suggested  that  the  same 
morphological  features  exist  and  were  similar  for  the  two  materials  but 
that  the  level  of  network  density  was  higher  In  the  PSS  catalyzed  system. 
Certainly  ft  must  be  recognized  that  the  greater  modulus  in  the  PSS 
catalyzed  material  was  not  a  consequence  of  the  polymeric  nature  of  the 
catalyst  but  more  likely  due  to  the  difference  In  the  reactivity  features 
promoted  by  the  polymeric  sulfonic  acid  moiety  in  contrast  to  HC1 . 
Further  work  Is  being  undertaken  utilizing  para  toluene 
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sulfonic  acid  at  an  equivalent  acid  content  to  investigate  this  point. 
These  results  will  be  reported  in  the  near  future. 

As  indicated  earlier,  one  of  our  goals  has  been  to  develop  higher 
refractive  index  materials  by  the  incorporation  of  the  high  refractive 
index  metal  alkoxide  Ti(OPr)  but  to  do  so  without  the  use  of  a  chelating 
agent.  To  achieve  this  goal,  a  reaction  scheme  was  developed  to  partially 
react  Ti(OPr)  into  a  stable  sol  that  could  later  be  reacted  with 
functionalized  PTMO  components.  A  successful  procedure  for  doing  this  is 
shown  in  Scheme  1  [22].  This  recipe  incorporates  a  2000  g/mol 
functionalized  PTMO  using  the  reaction  conditions  of  ambient  temperature 


PREPARATION  OF  HYBRID  WITH  Ti(OPr) 

4 


5gm  Ti(OPr) 


4 


SLOW  ADDITION  OF 


0.1  ml  ION  HCI 
0.6  ml  WATER 
20  ml  IPA 


I  —  { 

MIX  FOR  5  TO  10  MIN. 
CAST  INTO  MOLD,  COVER 


5gm  PTMO(2K) 
♦  10ml  THF 


|  QEL  1  DAY,  AMBIENT 


|  DRY  2  to  3  DAYS 
ANALYZE 


Scheme  1.  Methodology  for  preparation  of  Ti(0Pr)/PTM0  ceramers. 

1r  a  THF/HC1  water  isopropanol  (IPA)  media.  The  result  of  casting  these 
materials  into  multi-mil  films  usually  led  to  optically  transparent 
materials.  Sometimes  a  slight  yellow  color  developed  which  is  believed  to 
be  caused  by  the  difference  in  oxidation  states  for  titanium.  However,  the 
high  transparency  clearly  indicated  good  dispersion  of  the  two  components. 
The  OMS  data  for  two  such  compositions  are  shown  in  Fig.  4  where  the 
weight  percentages  of  the  Ti(OPr)  are  49  and  58  percent  respectively.  One 
notes  that  upon  raising  the  temperature  of  these  materials  to  over  150”C, 
there  was  little  sign  of  post  curing.  Again  this  suggested  Ti(OPr) 
promoted  a  higher  extent  of  reaction.  Also  noted  from  these  data  was  that 
the  Tg  dispersion  of  the  PTMO  was  somewhat  different  from  the  bimodal 
character  displayed  by  the  TEOS  ceramers.  In  particular,  while  the  7 
transition  ( - 125°  C)  was  common  to  all  materials  resulting  from  the 
rotational  features  of  the  methylene  groups  in  the  PTMO  chain  [24],  Tg  of 
the  PTMO  component  was  clearly  more  narrowed  than  before.  This  transition 
was  now  initiated  at  approximately  -80'C  and  passed  through  a  minimum  just 
above  O’C  with  a  smaller  dispersion  above  at  higher  temperatures.  Also, 
the  general  temperature  range  over  which  the  modulus  decays  to  a  lower 
level  was  narrower  for  these  materials.  Both  of  these  facts  together 
suggested  less  phase  mixing  between  the  two  components  such  that  the  PTMO 
oligomer  now  displayed  more  of  a  Tg  as  would  be  expected  of  its  own  pure 
phase  [19].  This  is  not  to  say  that  no  mixing  occurred  for  indeed  if  the 


Fig.  4.  Storage  modulus  and  tan  S  behavior  (at  a  frequency  of  11  Hz)  for 
two  selected  Ti(0Pr)/PTM0  ceramers  at  49  and  58  wt.%  fraction  of 
Ti(OPr). 

PTMO  were  totally  unrestricted  and  in  pure  form,  one  would  anticipate  the 
tan  &  response  to  go  to  a  minimum  somewhere  around  -30° C  at  the  frequency 
which  the  DMS  spectrum  were  determined  (11  Hz).  Corresponding  SAXS 
profiles  of  these  same  materials  along  with  two  additional  ones  are  shown 
in  Fig.  5.  A  single  maximum  was  measured  again  whose  intensity  was  in 
proportion  to  the  amount  of  the  Ti(OPr)  species.  Also,  the  correlation 
distance  was  the  order  of  10  nm.  It  was  somewhat  larger  than  the  ceramers 
discussed  earlier  that  utilized  identical  functionalized  PTMO.  We  have 
speculated  that  this  slight  increase  was  due  to  less  mixing  of  the 
titanium  based  species  with  the  PTMO  thereby  building  slightly  larger 
inorganic  domains  and  hence  slightly  increasing  the  correlation  distance. 
Furthermore,  analysis  of  the  high  tail  region  of  the  SAXS  curves  given  in 
Fig.  5  showed  there  was  a  sharper  interface  in  contrast  to  the  previous 
samples.  Again  this  gave  support  to  less  phase  mixing  as  was  suggested 
from  the  DMS  results. 

The  general  stress-strain  response  of  these  systems  as  determined  at 
ambient  at  an  initial  elongation  rate  of  2  mm/min  is  given  in  Table  1. 
This  table  provides  the  modulus,  stress  at  break  as  well  as  the  elongation 
at  break  for  ceramers  of  four  different  Ti(0Pr)/PTM0  contents  where  again 
the  PTMO  oligomer  was  of  2000  g/mol.  As  expected,  the  modulus  and  tensile 
strength,  at  ambient,  increased  as  the  content  of  the  inorganic  species 
was  increased.  The  corresponding  decrease  in  the  elongation  at  break  was 
due  to  the  lower  content  of  the  elastomeric  PTMO  oligomer.  While  the  data 
will  not  be  shown  here,  we  have  also  successfully  incorporated  zirconium 
tetraisopropoxide  in  a  similar  manner  to  that  of  the  titanium  alkoxide. 
DMS  and  stress  strain  results  in  conjunction  with  the  SAXS  behavior 
suggested  that  these  latter  systems  were  also  quite  comparable  to  those 
just  discussed.  Thus,  there  was  a  higher  level  of  phase  separation  in 
these  systems  in  contrast  to  the  earlier  TE0S/PTM0  or  TEOS/T i (0Pr)/PTM0 
comixed  ceramers. 
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Fig.  5.  SAXS  profiles  indicating  an  increasing  scattering  intensity  with 
increasing  weight  fraction  of  Ti((0Pr)  (as  shown  in  the  figure)  in 
selected  Ti(OPr)/PTMO  ceramers. 


Table  1)  Elastic  modulus,  stress  at  break  and  elongation  at  break  for 
increasing  weight  percent  (Ti(OPr)  loadings  in  the  Ti-PTMO  ceramers. 


wt. 

Percent 

Elastic 

Stress  at 

Elongation  at 

[Ti(0Pr)4] 

Modulus  (MPa)  Break  (MPa) 

at  Break  (%) 

X  - 

49% 

101 

19 

58 

X  - 

54% 

185 

20 

51 

X  - 

58% 

244 

23 

25 

X  = 

66% 

411 

34 

10 

As  indicated  above,  we 

have  been  successful  in 

directly  incorporating 

the 

titanium 

alkoxide  with 

functionalized  PTMO  into 

transparent  monolithic 

systems.  The  materials  not  only  displayed  reasonable  mechanical  behavior 
as  presented  above  but  also  provided  control  of  optical  properties  as 
illustrated  in  Fig.  6.  Here,  the  refractive  index  (sodium  line)  has  been 
plotted  against  the  weight  percent  of  what  is  denoted  as  Ti 03  of  the 
titania-PTMO  material  -  see  curve  A.  In  this  figure,  the  weight  percent 
of  TiOg  was  calculated  using  the  assumption  that  the  titanium  alkoxide 
undergoes  complete  hydrolysis  and  condensation  and  therefore  leads  to 
Ti02-  This  assumption  is  not  likely  perfect  but  appears  to  be  reasonable. 
The  extrapolated  value  of  the  refractive  index  at  100%  Ti Og  achieves  a 
value  just  below  1.8  as  would  be  anticipated  for  the  more  amorphous  form 
of  TIOg  [26],  A  linear  rise  in  the  refractive  index  occurred  as  the 
titania  content  increased.  In  fact,  the  initial  value  of  about  1.45  for 
pure  PTMO  can  be  raised  substantially  to  1.65  at  about  60  weight  percent 
of  the  calculated  Ti Og  component.  This  is  a  significant  increase  of 
refractive  index  in  a  flexible  polymer  based  system  which  shows  a  very 
strong  dependence  of  refractive  index  on  this  particular  alkoxide.  No 
such  large  rise  in  refractive  index  occurred  with  the  zirconium  based 
alkoxide  due  to  its  lower  refractive  index  properties  (data  not  shown 
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Fig.  6.  Linear  response  of  the  refractive  index  as  a  function  of 
calculated  wt.  1.  Ti Op  foe  selected  ceramers.  A)  Ti(OPr)/PTMO  and 
B)  Ti (OPr)/PSF. 

here).  Clearly  these  results  are  very  positive  in  terms  of  controlling 
this  optical  property.  However,  it  would  be  of  interest  to  start  with  a 
higher  refractive  index  oligomer  for  purposes  of  achieving  even  higher 
refractive  index  materials  that  might  serve  as  optical  coatings,  etc.  In 
an  attempt  to  achieve  this  goal,  functionalized  polyethersul fone  oligomers 
were  prepared  in  a  similar  manner  to  the  other  triethoxysilane  capped 
systems.  In  this  case,  amine  capped  oligomers  of  the  poly(ethersul fone) 
(PSF)  were  reacted  with  isocyanatopropyltriethoxy  silane.  Thus  a  urea 
linkage  was  formed  in  contrast  to  the  urethane  linkages  promoted  by  the 
end  capping  reactions  of  the  hydroxyl  terminated  PTMO  discussed  earlier. 
We  then  developed  a  reaction  scheme  between  the  Ti(OPr)  sol  and  that  of 
the  end  capped  PSF  species  using  a  procedure  similar  to  Scheme  1  except 
for  a  post  curing  step  at  200’C.  This  latter  step  was  necessary  in  order 
to  extend  the  reaction  to  a  higher  network  density  that  could  not  be 
achieved  at  room  temperature  due  to  limitation  by  vitrification  caused  by 
the  high  Tg  oligomeric  backbone  (Tg  200* C).  Transparent  amber  colored 
films  were  prepared  using  this  procedure  that  maintained  good  flexibility 
up  to  reasonably  high  levels  of  titanium.  At  higher  levels,  the  materials 
became  more  brittle  as  expected. 

An  indication  of  the  general  DMS  obtained  on  one  of  these  materials 
is  shown  in  Fig.  7.  This  material  which  contained  25  weight  percent  of 
the  Ti(OPr)  component  showed  the  typical  glassy  modulus  expected  up  to  the 
range  of  200”C  where  the  Tg  for  the  PSF  component  was  initiated.  The  fact 
that  this  dispersion  was  quite  narrow  and  in  the  temperature  region 
expected  for  a  pure  PSF  phase,  clearly  Indicated  that  good  phase  occurred. 
Indeed  this  was  expected  due  to  the  fact  that  the  titanium  component  was 
utilized.  However,  enhanced  phase  separation  likely  occurred  because  the 
oligomeric  molecular  weight  was  of  the  order  of  over  7000  g/mol  greater 
incompatibility  with  the  alkoxide  might  well  be  anticipated.  The  SAXS 
data  obtained  for  this  same  material  as  well  as  materials  of  higher 
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TEMPERATURE  <C> 


Fig.  7.  Storage  modulus  and  tan  f  behavior  {at  a  frequency  of  11  Hz)  for 
a  selected  Ti(OPr)/PTMO  ceramer. 

titanium  content  (data  not  shown  here)  clearly  illustrated  a  sharper  decay 
in  scattering  intensity  with  angle.  The  tail  region  was  flatter  which 
indicated  that  the  phase  separation  was  sharper.  Of  particular  interest 
is  to  recall  Fig.  6  where  the  refractive  Index  for  this  Ti(0Pr)/PSF  series 
of  materials  is  shown  in  curve  B  but  now  the  line  initiates  at  the 
refractive  index  value  of  the  pure  PSF  component  which  is  about  1.6. 
Indeed,  PSF  is  one  of  the  higher  refractive  index  polymers  known  and  hence 
one  of  the  reasons  that  we  selected  it  as  the  basis  for  developing  this 
ceramer  material.  It  is  also  of  interest  to  note  that  the  extrapolated 
value  to  100%  T1O2  was  in  agreement  with  that  obtained  from  the  PTHO  based 
systems.  This  suggested  that  the  form  of  the  TiOj>  domains  were  of  an 
equivalent  nature. 

In  the  last  stage  of  this  paper  some  time  is  spent  pointing  out  a 
potential  way  to  process  these  systems  more  effectively  than  by  the  usual 
ambient  temperature  casting  procedure  utilized  in  the  classic  sol  gel 
approach.  As  part  of  a  much  larger  project  in  our  laboratory,  the  use  of 
microwaves  as  a  means  of  processing  polymers  has  been  under  investigation. 
For  this  reason  we  included  our  ceramer  materials  as  one  potential  system 
in  this  study.  The  details  of  the  Instrumentation  for  the  microwave 
cavity  and  its  control  in  terms  of  power  input,  control,  etc.  are 
presented  elsewhere  [27].  Briefly,  the  basic  instrument  was  a  tunable, 
cylindrical  cavity  equipped  with  a  temperature  monitoring  fiber  optics 
probe  in  direct  contact  with  the  sample.  The  microwave  frequency  of  2.45 
GHz  was  used.  This  allowed  one  to  rapidly  heat  the  material  if  its  dipole 
character  responds  to  this  microwave  frequency.  Basically  the  power 
absorbed  scales  with  the  second  power  of  the  applied  voltage,  the  first 
power  of  the  frequency  as  well  as  the  dissipation  factor  of  the  dielectric 
constant  [29].  While  these  laws  are  well  known,  the  ability  of  the 
microwave  to  potentially  promote  a  higher  rate  of  reaction  due  to  specific 
Interactions  with  the  dipoles  of  the  appropriate  functionalized  reacting 
groups  may  potentially  lead  to  different  reaction  kinetics  than  would  be 
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promoted  at  an  equivalent  bulk  temperature  of  the  system.  Indeed, 
differences  in  reaction  kinetics  (but  at  the  same  temperature)  have  been 
demonstrated  in  other  network  forming  systems  e.g.,  epoxies,  as  recently 
reported  [27],  We  therefore  anticipated  that  this  same  approach  might  be 
effective  in  promoting  the  sol  gel  reaction  and  the  development  of  the 
ceramers  in  a  much  shorter  time  scale.  One  is  limited  initially  in  going 
to  high  reaction  temperatures  due  to  the  higher  volatility  of  the  alkoxide 
and  the  solvent(s)  in  which  the  reaction  is  carried  out.  However,  we  found 
that  depending  on  the  alkoxide  and  choice  of  reacting  media,  it  was 
possible  to  rapidly  achieve  gelation  and  almost  final  properties  of  the 
ceramer  systems  in  a  matter  of  minutes  [13].  This  was  in  contrast  to  the 
usual  several  days  over  which  gelation  occurs  at  ambient  temperatures.  As 
an  example,  we  have  studied  one  microwave  processed  system  where  the 
temperature  of  the  reactants  was  ramped  to  70“ C  in  400  seconds  and  than 
held  at  that  temperature  for  12  min.  This  material,  prepared  in  tha'  In 
minute  time  period,  was  analyzed  shortly  thereafter.  Its  general 
stress-strain  properties  (modulus,  stress  at  break,  and  elongation  at 
break)  were  compared  with  the  same  material  that  had  been  cast  at  room 
temperature  for  six  days.  Also  a  third  material,  prepared  by  processing 
in  a  simple  conventional  oven  at  70“ C  for  two  hours,  was  included  for 
comparison.  Table  2  shows  a  major  difference  in  the  results  of  these 


Table  2)  Stress  strain  analysis  for  a  TEOS-PTMO  system  cured  in  a 
microwave  cavity  (M.W.),  in  a  conventional  oven  (O.C.)  and  at  room 
temperature  (R.T.)  [12]. 


Fresh 

M.W,  ?0“C 
(20  min) 

RT  cure 
(6  days) 

O.C.  70“ C 
(2  hrs) 

Aged  (1  Month) 
M.W.  70“ C 
R.T.  cure 
O.C.  70“ C 


Elastic 
Modulus  (MPA) 

250 

153 

4 


380 

380 

150 


Stress  at 
Break  (MPa) 


40 

29 

1 

38 

40 

7 


Elongation 
at  Break  (%) 


21 

29 

50 

21 

21 

7 


three  experiments.  In  particular  it  is  noted  that  the  sample  that  had 
undergone  the  microwave  treatment  at  70“ C  (M.W.  70CJ  achieved  a  modulus 
nearly  equivalent  to  a  glassy  polymer  with  a  significant  sttess  at  break. 
The  corresponding  oven  cured  sample  (O.C.  70“ C)  that  was  heat  treated  for 
two  hours  was  a  very  soft  material  with  a  low  stress  at  break  and  a  much 
higher  elongation  at  break  due  to  poor  network  formation.  The 
conventional  room  temperature  cured  material  that  was  also  not  completely 
cured  even  at  six  days  showed  a  slightly  lower  modulus  and  stress  at  break 
than  that  of  the  microwave  prepared  material.  The  properties  of  a 
corresponding  one  month  aged  sample  of  each  is  shown  in  the  lower  part  of 
the  table  to  illustrate  that  some  additional  level  of  curing  did  take 
place  even  at  room  temperature  following  the  microwave  treatment.  One  can 
see  that  the  microwave  treated  material  achieved  a  slightly  higher  modulus 
and  the  room  temperature  cured  material  also  achieved  this  same  level 
(given  the  extra  time  period).  However,  the  oven  cured  70“ C  sample  never 


2? 


achieved  the  same  properties.  In  essence,  then  it  was  shown  that 
microwave  processing  is  effective  in  shortening  the  time  period  to  reach 
the  solid  state  characteristics.  Although,  an  additional  post  cure  at  a 
higher  temperature  may  be  required  for  these  systems  to  achieve  their 
ultimate  properties.  Investigations  of  this  nature  are  being  actively 
pursued  in  our  laboratory  at  this  time. 

Addressing  the  SAXS  behavior  of  these  three  materials,  it  is  of 
interest  to  inspect  the  results  given  in  Fig.  8.  Here  one  notes 


Fig.  8.  SAXS  profiles  for  selected  TEOS/PTMO  system  prepared  by  different 
processing  conditions  -  see  text  for  details  [13]. 


particularly  sharp  scattering  peaks  with  a  decrease  to  a  flat  tail  region 
over  the  same  angular  range  utilized  in  the  earlier  plots.  There  were 
some  particular  points  that  have  been  noted,  the  first  being  that  the 
level  of  intensity  was  highest  for  the  microwave  treated  sample  with  the 
room  temperature  material  being  second  and  the  lowest  level  of  peak 
intensity  being  for  the  oven  cured  materials.  This  was  exactly  as 
expected  based  on  the  level  or  extent  of  reaction  being  the  least  in  the 
oven  cured  and  the  highest  for  the  microwave  treated  systems.  In  the 
latter  the  electron  density  contrast  would  be  higher  as  the  extent  of 
reaction  increased.  Secondly,  the  flat  tail  region  that  extended  from 
using  DMF  as  the  liquid  reacting  media  lead  to  a  much  higher  level  of 
phase  separation.  The  cause  for  this  higher  level  of  phase  separation  in 
a  TEOS/PTMO  ceramer  is  unknown  but  we  have  further  verified  it  by  OMS  in 
conjunction  with  SAXS  and  TEM  analysis.  Further  work  is  proceeding  on  the 
influence  of  different  reaction  media  and  how  it  influences  the  microwave 
versus  conventional  casting  procedures.  In  addition,  we  have  prepared 
many  of  the  other  ceramers  more  rapidly  by  microwave  processing.  There 
were  some  differences  between  these  systems  and  how  they  respond  to 
microwaves  which  will  be  the  subjects  of  separate  publications  [29]. 
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CONCLUSIONS 

This  paper  has  attempted  to  review  the  chronological  development  of 
the  ceramer  materials  as  prepared  under  the  direction  of  one  of  the 
authors  (GLW).  Details  regarding  the  earlier  studies  were  presented  in 
brief  form  since  numerous  other  publications  provide  many  of  the  details. 
More  emphasis  has  been  given  to  those  studies  that  have  led  to  the 
incorporation  of  the  more  reactive  metal  alkoxides  based  on  aluminum, 
titanium  and  in  more  limited  cases  zirconium.  Higher  refractive  index 
flexible  ceramers  were  made  by  incorporating  titanium  alkoxide  into  high 
refractive  index  functionalized  oligomers  such  as  poly(ether  sulfone)  or 
poly(ether  ketone).  Finally,  it  has  been  demonstrated  that  the  use  of 
microwave  processing  of  the  sol  gel  ceramer  hybrids  can  effectively 
decrease  the  time  to  achieve  final  properties.  However,  it  has  been 
shown  that  the  choice  of  reaction  media,  as  well  as  alkoxide  and  oligomer, 
will  influence  the  relative  differences  between  microwave  and  conventional 
processing. 
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THE  CATALYTIC  SYNTHESIS  OF  INORGANIC  POLYMERS  FOR  HIGH 
TEMPERATURE  APPLICATIONS  AND  AS  CERAMIC  PRECURSORS 

Jeffrey  A.  Rahn,  Richard  M.  Laine*  and  Zhi-Fan  Zhang 
Contribution  from  the  Department  of  Materials  Science  and  Engineering 
and  the  Polymeric  Materials  Program  of  the  Washington  Technology 
Center,  University  of  Washington,  Seattle,  WA  98195 

ABSRACT: 

Polysilsesquioxanes,-[RSi(0)15]x-,  exhibit  many  properties  that  are 
potentially  quite  useful  for  industrial  applications.  These  properties 
include  high  temperature  stability  (-  600°C  in  O2);  good  adhesion  and, 
liquid  crystal-like  behavior  for  some  derivatives.  Moreover,  [MeSi(0)i  .s]x, 
polymethylsilsesquioxane  has  been  used  successfully  as  a  precursor  for 
the  fabrication  of  carbon  fiber/*black  glass*  (SiOjr/SiC/C)  composites  and 
’black  glass*  fibers. 

Current  methods  of  preparation  depend  on  hydrolysis  of  RSiCl3  or 
RSi(OR)3-  Unfortunately,  this  approach  leads  to  several  products  that  are 
difficult  to  purify  because  polysilsesquioxanes  exhibit  a  great  propensity 
for  forming  gels.  We  describe  here  a  simple  catalytic  approach  to  the 
synthesis  of  polymethylsilsesquioxane  copolymers  of  the  type 
-[MeRSi0]  3[MeSi(0)15]  7-  where  R  -  H,  OMe,  OEt,  OnPr  and  OnBu.  The  R  -  H 
copolymer  is  produced  by  catalytic  redistribution  of  -[MeHSiO]^ 
oligomers  using  dimethyltitanocene,  CpgTiMeg  as  the  catalyst  precursor. 

Following  catalytic  redistribution,  the  resulting  copolymer, 
-[MeHSi0]^[MeSi(0)i,5],r.  is  reacted  in  situ  with  alcohols  to  produce 
-[Me(R'O)SiO) ^[MeSi(0)i  .53.7-  (where  R1  -  Me,  Et,  nPr  and  nBu)  which  serve 
as  masked  forms  of  the  polymethylsilsesquioxane.  These  new  copolymers 
have  been  characterized  by  1H,  13q  and  29Si  NMR  TGA  and  DTA.  The  NMR 
studies  allow  us  to  assign  structures  for  the  copolymer. 

These  new  copolymers  exhibit  improved  tractability.  Their  high 
temperature  properties  are  all  quite  similar;  although,  the  MeO-,  EtO-  and 
especially  the  nPrO-  derivatives  give  much  higher  ceramic  yields  than 
expected. 
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INTRODUCTION 


Polysilsesquioxane  polymers,1  -[RSi(0)15]x-,  represent  a  very  poorly 
exploited  area  of  polysiloxane  chemistry  despite  the  fact  that  they  exhibit 
a  variety  of  potentially  useful  properties  including:  high  temperature 
stability  in  air;2  good  adhesion  to  a  wide  variety  of  substrates3  and,  in 
some  instances,  liquid  crystal-like  behavior.1  Moreover,  -[MeSi(0)15]x-, 
polymethylsilsesquioxane  has  been  used  as  a  preceramic  polymer  for 
fabrication  of  silicon  carbide  powders,4  "black  glass"  (70%  SiO2/20% 
SiC/10%  C)  composite  matrices  for  carbon  fibers5  and  for  the  fabrication 
of  black  glass  fibers.6 

The  primary  problems  associated  with  using  polysifsesquioxanes  for 
engineering  applications  are:  (1)  the  lack  of  good,  high  yield  synthetic 
routes  and,  (2)  the  highly  crosslinked  nature  of  the  polymers  which  limits 
their  tractability  and  ease  of  purification.  Literature  syntheses  generally 
rely  on  the  hydrolysis  of  RSiCl3  or  RSKOR’fo:1 

RSiCI3  [RSi(OR')3]  +  H20  Catalyst  „->  HCI  (R'OH)  +  [RSi(0)i  ,5]x  + 


-[RSi(O)  i  .5]x[RSi(0H)0]y-  +  -[RSi(O),  ,5]x-  (1 ) 


These  reactions  usually  lead  to  the  coincident  formation  of  polyhedral 
oligosilsesquioxanes,  [RSi(0)is]x,  where  x  -  8, 10, 12;  polysilsesquioxanes 
with  partially  condensed  monomer  units,  -[RSi(0)i  .5]x[RSi(0H)0]y-,  and 
polyhedral  polysilsesquioxane  itself.  Because  polysilsesquioxanes  exhibit 
a  strong  propensity  to  form  intractable  gels  with  organic  solvents,  there 
are  significant  problems  with  purification  which  result  in  low  yields. 

Thus,  this  synthetic  route  is  unattractive  for  the  rapid,  large-scale 
preparations. 

Harrod  and  coworkers  have  recently  developed  a  novel  titanium 
catalyzed  redistribution  reaction,  as  illustrated  in  reaction  (2), 7  that  can 


+  2MeSi(OEt)3 


(2) 


also  be  used  to  prepare  methylsilsesquioxane  copolymers,  reaction  (3):2'8 


-[MeHSiO]x-  • 


0.33xMeSiH3  +  -[MeHSiO)0,3[MeSi(O) ,  5]0.7- 


(3) 


The  copolymer  -[MeHSiOloalMeSKO^  ^Jo.r  forms  as  a  gel  if  neat 
oligomethylhydridosiloxane,  Me3SiO-[MeHSiO]x-H  (Mn  -  2K  D),  is  exposed 
to  the  catalyst.  Fortunately,  gelation  can  be  avoided  if  polymerization  is 
conducted  in  toluene  with  a  greater  than  5:1  toluene  to  -[MeHSiO]x-  volume 
ratio.  The  resulting  polymer  can  be  used  to  prepare  coatings,  fibers  and 
monolithic  shapes.8  At  lower  volume  ratios,  gels  form  quite  readily. 

Although  the  5:1  volume  ratio  solutions  can  be  used  for  some 
applications,  the  gel-like  material  that  results  on  solvent  removal  limits 
the  copolymer's  utility  for  some  applications,  e.g.  as  a  matrix  material  for 
composites.  As  such,  we  sought  to  modify  the  copolymer's  physical 
characteristics  by  taking  advantage  of  the  reactive  Si-H  bonds.  Reactions 
at  these  bonds  should  permit  one  to  vary  the  side  chains  on  the  copolymer 
backbone  and  thereby  control  some  of  its  physical  properties. 

The  long  term  objectives  of  the  work  described  here  are  to  prepare 
tractable  silsesquioxane  copolymers  that  exhibit  improved  high 
temperature  performance  and  that  are  also  useful  for  the  fabrication  of 
polymer  and  ceramic,  membranes  and  fibers.  This  report  concerns 
preliminary  studies  on  the  modification  of  the  -[MeHSiO]x[MeSi(0)1.s]y- 
copoly mer  by  alcoholysis  of  Si-H  bonds. 

RESULTS  AND  DISCUSSION 

The  copolymer  produced  in  reaction  (3)  either  neat  or  in  toluene  gives 
the  same  results  when  characterized  by  magic  angle  spinning  (MAS), 
multinuclear  NMR,  solution  NMR,  diffuse  reflectance  infrared  fourier 
transform  spectroscopy  (DRIFTS),  chemical  analysis,  TGA  or  DTA.  These 
extensive  studies  are  described  elsewhere.2'7  For  illustration  purposes, 
the  TGA  of  -[MeHSiO]o.3[MeSi(0)t^]o.r  is  shown  below  (Figure  1).  This 
Figure  also  contains  the  elemental  analyses  (at  selected  temperatures)  as 
the  polymer  is  heated  in  nitrogen  at  5°C/min  to  900°C. 

At  400°C,  the  elemental  analysis  corresponds  to  pure  -[MeSi(0)i,s]x- 
without  any  of  the  starting  monomer.  This  is  confirmed  by  the  MAS  ^Si 
NMR  which  shows  a  single  peak  at  -65.7  5  relative  to  TMS.2  Consequently, 
the  20%  weight  loss  at  temperatures  below  400°C  corresponds  to  the 
depolymerization  and  volatilization  of  almost  all  of  the  -[MeHSiO]x-  units. 
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Copolymer  Preparation  and  Characterization 


Efforts  to  modify  the  -[MeHSiO]x[MeSi(0)i.s]y-  copolymer  began  with 
attempts  to  promote  alcoholysis  of  the  Si-H  groups,  reaction  (4),9.10  in 
situ,  following  completion  (  72  h)  of  reaction  (3). 

-[MeHSiO]0.3[MeSi(O)1.5]0.r  +  ROH  Q.Sjnole  %  CpaTiM3.2Z2flZC.> 

H2  +  -[Me(RO)SiO]o.3[MeSi(0)1.5]o.r 

The  motivation  for  the  alcoholysis  experiments  was  to  create  a 
polysilsesquioxane  wherein  some  of  the  T  groups,  [MeSifO),  ^].  are  masked 
as  the  alkoxy  derivative,  [MeSi(0)0R].  In  this  way,  the  yield  of  T  groups  in 
the  polymer  would  increase  significantly.  Moreover,  if  R  is  a  long  chain 
alkyl  group  it  would  also  be  possible  to  introduce  more  flexibility  and 
perhaps  reduce  or  eliminate  the  elastomeric  or  gel  character. 

To  our  surprise,  the  addition  of  alcohols  rapidly  extinguishs  the  royal 
blue  Ti(lll)  color  of  the  original  active  catalyst  system  that  forms  in 
reaction  (3)  leaving  a  yellow  solution.  If  the  alcohol  is  MeOH,  then  rapid, 
almost  violent  H2  evolution  ensues  coincident  with  the  color  change.  The 
reaction  can  be  somewhat  exothermic  depending  on  the  initial  catalyst 
concentration. 

Removal  of  the  solvent  and  characterization  by  NMR  indicates  that 
almost  all  of  the  Si-H  bonds  react  with  alcohol  converting  the  remaining 
silicons  to  T  groups.  NMR  characterization,  Table  1 ,  confirms  the  30:70 
composition  of  the  initial  copolymer  in  that  the  integrated  ratios  of  the 
alkoxy  groups  to  T  groups  in  the  product  copolymer  are  nearly  the  same. 

To  date,  we  have  made  the  derivatives  R  -  Me,  Et,  Pr,  nBu  and 
bis-1,4-(2-hydroxyethoxy)benzene  (hydroquinone).  These  alcohols  exhibit 
reactivities  with  the  copolymer  strictly  in  accord  with  the  size  of  the 
alkyl  group.  The  MeOH  reaction  is  quite  vigorous  and  is  over  in  minutes  to 
hours  while  the  nBuOH  reaction  requires  two  to  three  days.  The 
hydroquinone  reaction  results  in  extensive  crosslinking  that  makes 
further  characterization  impossible.  The  other  copolymers  are 
moderately  (MeO-)  to  completely  (nBuO-)  tractable  following  solvent 
removal;  however,  it  is  expedient  to  redissolve  the  polymer  in  the 
corresponding  alcohol  as  these  polymers  still  show  a  tendency  to  gel  with 
time  (days  to  weeks). 

The  alkoxy  copolymers  have  been  characterized  by  'H,  13C  and  in  part 
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by  ^Si  as  recorded  in  Table  1 .  The  13C  shifts  of  the  alkoxy  carbon  bound 
directly  to  the  oxygen  are  quite  similar  (except  for  MeO).  Consequently, 
characterization  by  ^Si  was  not  deemed  essential  in  all  instances.  The 
proton  and  carbon  spectra  are  all  standard  values  for  alcohols  or  alkoxy 
substituents.  However,  the  ^Si  results  are  interesting  because  they 
provide  some  understanding  of  the  polymer  backbone  structure  if  we  use 
published  ^Si  peak  assignments  for  standard  siloxane  monomer  units.11 

The  29Si  and  13C  spectra  for  Me3SiO[MeHSiO]xH,  (Mn  -  2K  D),  the 
starting  oligomer,  are  very  simple.  The  MeHSiO  ^Si  peak  appears  at  -34.6 
S.  The  product,  -[MeHSiO]o.3[MeSi(0)1  sfo  7,  obtained  from  Ti  catalyzed 
redistribution,  shows  several  29Si  peaks  in  the  same  vicinity,  -33  to  -36 
5.  It  also  shows  two  peaks  at  -57.2  and  -65.5  5.  These  results,  when 
coupled  with  the  reproducible  30:70,  [MeHSiO] :  [MeSi(0)i.5]  ratio,  suggest 
a  polymer  structure  consisting  of  open  cubes  of  T  groups  bridged  by  one  or 
two  -MeHSiO-  groups  as  depicted  below.  By  visual  inspection,  the  peak  at 


-57.2  5  is  much  smaller  than  the  peak  at  -65.5  8 .  Consequently,  we  assign 
this  peak  to  the  open  silicons  in  the  cube  and  the  -65.5  8  peak  to  the 
remaining  T  group  silicons  in  the  cube.  In  the  nBuO-  derivative,  the  -34.6 
8  peak  is  replaced  by  the  appearence  of  a  peak  at  ca.  -64  8 .  This  peak 
appears  to  overlap  with  the  T  groups  in  the  cube  in  the  nPrO  derivative. 

We  assign  this  peak  to  the  alkoxy  substituted  silicons. 

Hioh  Temperature  Studies 


TGA  studies  indicate  that  the  high  temperature  stability  of  the 
alkoxy  derivatives  is  very  similar  to  that  of  the  starting  copolymer.  The 
900°C  ceramic  yields  for  the  set  of  copolymers  are  76%  (MeHSiO),  75% 


[Me(MeO)SiO],  74%  [Me(EtO)SiO],  78%  [Me(nPrO)SiO)  and  62%  for  the 
[Me(nBuO)SiO]  derivative.  As  in  Figure  1 ,  most  of  the  weight  loss  occurs 
below  400-450°C.  If  weight  loss  in  the  alkoxy  derivatives  occurs  by  a 
mechanism  similar  to  that  found  for  the  hydrido  copolymer,  then  weight 
loss  must  occur  by  depolymerization  and  volatilization  of  Me(RO)SiO 
groups.  One  would  expect  increasing  weight  losses  with  increases  in  the 
size  of  the  R'  group.  Clearly  this  is  not  the  case  with  the  R’  -  Me,  Et  or  nPr 
derivatives.  In  these  cases,  the  ceramic  yields  are  comparable  to  that  of 
the  original  copolymer.  Even  in  the  nBuO-  derivative,  the  mass  of  the 
group  increases  from  60  D  (MeHSiO)  to  132  D  [Me(OnBu)SiO).  If  complete 
loss  of  60  D  leads  to  a  ceramic  yield  of  75%  then  complete  loss  of  1 32  D 
should  lead  to  a  ceramic  yield  of  <50%.  These  results  inidcate  that  the 
ceramic  products  from  pyrolysis  of  these  materials  retain  the  carbons  in 
the  alkoxy  groups. 

This  is  in  contrast  to  studies  by  Fox  et  al.4  on  the  pyrolysis  of  the 
polyalkylsilsesquioxanes,  -[RSi(O)-)  .5]x-,  where  increasing  the  size  of  R 
from  Me  to  Et  to  Pr  resulted  in  drops  in  the  900°C  ceramic  yields  from 
86%  (Me)  to  47%  (Et)  to  44%  (nPr).  In  all  instances,  except  for  the  Me 
derivative,  our  ceramic  yields  are  much  higher. 

It  is  likely  that  these  differences  arise  because  the  bond  dissociation 
energy  for  Si-C  bonds  is  approximately  85-90  kcal/mole  whereas  O-C 
bond  dissociation  energies  are  typically  around  100  kcal/mole.12  Thus, 
the  decomposition  mechanisms  for  the  two  types  of  polymers  are  quite 
different.  The  important  point  to  be  made  is  that  proportionately,  the 
EtO-  and  nPrO-  derivatives  incorporate  more  carbon  in  the  ceramic 
product  than  the  EtSi  and  nPrSi  derivatives,  which  should  result  in  a 
higher  proportion  of  SiC  in  the  final  composite  ceramic/black  glass. 
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ABSTRACT 

Polyaniline  has  been  synthesized  in  the  galleries  of  f luorohectorite ,  a 
two-dimensional  mica- type  layered  silicate.  Intercalation  of  aniline  in  the 
intracrystalline  region  of  Cu-exchanged  f luorohectorite  results  in  oxidative 
polymerization  to  polyaniline  (emeraldine  base  form)  as  demonstrated  by 
electronic,  infrared  and  Raman  spectroscopy  and  x-ray  diffraction  data. 
The  intercalated  insulating  form  of  polyaniline  becomes  conducting  on 
exposure  to  HC1 .  In-plane  electrical  conductivity  data  measured  in  the 
temperature  range  274  to  573  K  show  a  complex  thermally  activated  behavior 
with  room  temperature  conductivity  0.05  Ohra’^cm'^.  The  polyaniline/layered 
silicate  hybrids  represent  a  new  class  of  nanocomposites  consisting  of 
synthetic  conductors  with  molecular  dimensions  contained  in  a  quasi  two- 
dimensional  environment  of  a  crystalline  host. 


INTRODUCTION 

Research  on  electrically  conducting  polymers  has  recently  focused  on 
the  synthesis  and  characterization  of  environmentally  robust  materials  with 
high  degree  of  processability  and  high  conductivity  [1].  An  intriguing  new 
challenge  in  the  area  of  conducting  polymers  is  to  isolate  or  confine  them 
in  a  well  defined  environment.  Such  systems  would  not  only  provide 
fundamental  information  on  the  electronic  structure  and  the  conduction 
mechanism  but  they  could  also  represent  a  new  class  of  hybrid  composites 
with  nanometer  dimensions.  The  properties  of  these  new  materials  can  be 
tailored  by  inserting  suitable  guest  molecules  into  the  well  defined 
galleries  of  the  host  lattice. 

Previous  work  in  this  area  includes  intercalation  of  polypyrrole  and 
polythiophene  in  layered  FeOCl  [2],  intercalation  of  aniline  in  V2O5  [3], 
and  encapsulation  of  chains  of  aniline,  pyrrole  and  thiophene  in  zeolites 


Formation  of  conjugated  polymers  in  the  galleries  of  mica- type 
silicates  was  first  observed  almost  twenty  years  ago  by  PInnavaia  and 
Mortland  by  a  unique  charge- transfer  reaction  (6).  Certain  aromatic 
molecules  can  be  incorporated  into  the  galleries  of  layered  silicates  whose 
exchangeable  cations  have  been  replaced  by  transition  metal  ions  like  Cu, 
Ru,  etc.,  and  form  charge- transfer  complexes.  For  example  in  the  case  of 
benzene,  intercalation  leads  to  the  formation  of  poly-p-phenylene  under 
exhaustively  dry  conditions. 

Previous  studies  focused  mainly  on  spectroscopic  studies  offering  no 
information  on  their  electronic  properties  or  conduction  mechanism  (7,8). 
In  addition,  intercalation  of  aniline  in  layered  silicates  has  not  been 
studied.  Polyaniline  (PANI)  is  ~  novel  conducting  polymer,  that  in  contrast 
to  other  conducting  polymers  its  electronic  properties  can  be  switched  from 
Insulating  to  conducting  by  electrochemical  oxidation  and/or  chemical 
protonation . 
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We  report  here  the  first  successful  synthesis  of  in  situ 
intercalation/polymerization  of  aniline  in  layered  mica- type  silicates.  The 
resulting  materials  constitute  a  pseudo  two-dimensional  composite  with 
nanometer  architecture. 


EXPERIMENTAL 

Materials 


Synthetic  fluorohectorite  was  kindly  provided  by  Corning  Inc.  Typical 
particles  have  a  platelike  morphology  with  an  average  layer  diameter  of  5 
microns.  The  cation  exchange  capacity  for  fluorohectorite  is  190  meq/100  g. 
The  copper -exchange  form  was  prepared  by  treating  the  host  with  1  M  solution 
of  Cu(N0-j)2,  centrifuging  and  discarding  the  supernatant  liquid.  Excess 
Cu(N03)2  was  removed  by  washing  with  deionized  water. 

Thin  films  of  fluorohectorite  (0.5  -  25  microns)  were  prepared  by 
evaporation  of  a  suspension  on  a  polyethylene  plate  (for  self-supporting 
films)  or  on  a  glass  substrate.  Aniline  was  intercalated  in  a  P2°5 
containing  desiccator  from  the  vapor  phase  until  the  reaction  was  completed 
within  3-4  days.  An  alternative  route  employed  dipping  the  fluorohectorite 
film  into  aniline  for  a  few  days.  The  conducting  form  of  polyaniline  was 
formed  by  exposing  the  PANX/f luorohectorite  films  to  HC1  vapors  for  2  to  3 
hours  followed  by  mild  heating  at  45°C  to  remove  excess  HC1. 

Instrumentation  and  Methods 

X-ray  diffraction  patterns  of  oriented  film  samples  were  obtained  on  a 
Scintag  x-ray  diffractometer  using  Ni-filtered  CuKa  radiation.  Infrared 
spectra  of  self-supporting  films  were  recorded  on  a  Perkin  Elmer  1330 
spectrometer.  Electronic  absorption  spectra  were  obtained  with  a  Perkin 
Elmer  l-arobda  4A  spectrophotometer.  Raman  experiments  were  performed  with  a 
SPEX  1877  tripleraate  spectrometer,  using  a  Coherent  Nova  90-5  Ar+  laser  with 
a  maximum  power  of  2  W  in  the  457.9  nm  line.  Four-point  "bulk" 
conductivity  measurements  were  performed  at  room  temperature  using  a 
Prometrix  Versaprobe  VP10  System.  In-plane  conductivity  of  oriented  films 
was  measured  by  a  Hewlett-Packard  4145B  semiconductor  parameter  analyzer. 
Samples  for  conductivity  measurements  were  prepared  by  depositing  a  film 
onto  HF  cleaned  glass  slides.  Silver  electrodes  were  deposited  on  both 
edges  of  the  film.  The  current-voltage  characteristics  of  the  sample  were 
measured  at  each  temperature  in  a  shielded  test  enclosure.  Transient 
currents  were  allowed  to  dissipate  before  each  measurement.  The  applied 
voltages  ranged  from  -10  to  +10  Volts  in  steps  of  0.5  V  at  each  temperature. 
Electrical  properties  were  studied  in  the  1°C  to  300°C  range. 


RESULTS  AND  DISCUSSION 

Fluorohectorite  is  a  synthetic  mica-type  silicate  (MTS)  with  a  layered 
lattice  structure  in  which  two-dimensional  multiple  cross-linked  planes  of 
atoms  are  separated  by  layers  of  hydrated  cations.  Figure  1  schematically 
illustrates  the  layered  structure  where  two  tetrahedral  silicate  sheets  are 
fused  to  a  central  octahedral  sheet  of  magnesium  hydroxide  [9].  The 
stacking  of  these  layers  to  form  crystals  leads  to  the  formation  of 
interlayers  or  "galleries”  where  the  layers  are  held  together  by  van  der 
Waals  forces.  In  fluorohectorite  and  other  charged  silicates  the  galleries 
are  occupied  by  hydrated  cations  in  order  to  balance  the  charge  deficiency 
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Figure  1.  Idealized  structure  of  a  mica- type  silicate. 


that  has  been  generated  by  the  isomorphous  substitution  in  the  tetrahedral 
or  octahedral  sheets.  The  strong  intraplanar  and  weak  interplanar  binding 
forces  that  arise  from  the  two-dimensional  structure  allow  the  introduction 
(intercalation)  of  guest  species  into  the  galleries  of  the  host  lattice. 

Simple  intercalative  and/or  ion  exchange  procedures  permit  a  variety  of 
neutral  molecules  or  cations  of  virtually  any  size  to  be  accommodated  in  the 
galleries  of  MTSs.  Principal  themes  that  have  emerged  from  various 
spectroscopic  techniques  is  that  the  properties  of  the  gallery  species  are 
generally  preserved  upon  intercalation. 

Intercalation  of  aniline  in  Cu-exchanged  f luorohectorite  from  the 
gaseous  phase  is  relatively  slow;  however,  when  the  film  is  dipped  into  neat 
aniline  a  rapid  color  change  occurs  and  the  reaction  is  complete  within  24 
hours.  In  contrast,  no  polymerization  occurs  when  Li*  ions  are  present  in 
the  galleries.  Chemical  oxidation  of  aniline  yields  the  emeraldine  base 
form  of  polyaniline  that  consists  of  equal  number  of  the  amine  [-(C^H^NH)-] 
and  quinoidal  [-(CgH^NH)-]  repeating  units.  In  contrast,  when 

polymerization  is  carried  out  in  acidic  media,  the  protonated 
poly(semiquinone) ,  a  radical  cation  structure  is  formed.  This  conducting 
form  of  polyaniline  is  believed  to  consist  of  equal  numbers  of  reduced  (- 
(C^H^NH)-]  and  oxidized,  protonated  quinone  ( - (C5H^NH+)-]  repeat  units  (10). 

Gallery  Cu^+  ions,  inti  Juced  by  an  intercalative  ion  exchange  process,  * 

serve  as  the  oxidation  centers  for  the  oxidative  polymerization  of  aniline 
in  the  intracrystalline  environment  of  the  host  structure.  The  reaction,  by 
analogy  to  other  conjugated  polymers  in  layered  silicates,  can  be 
represented  by  the  following  equation,  where  the  horizontal  lines  identify 
the  layered  structure . 


Cu2+  +  nC6H5NH2 


Cu2+(PANI) 


I 


( 

S3 
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X-ray  diffraction  patterns  of  oriented  films  show  that  in  situ 
intercalation/polyroerization  of  aniline  results  in  a  highly  ordered 
composite  with  a  quasi  two  dimensional  structure  (Figure  2)  .  Several  (001) 
harmonics  are  observed  corresponding  to  a  primary  repeat  unit  (d  spacing)  of 
14.9  X.  The  difference  of  5.3  a  from  the  corresponding  9.6  X  for  the 
silicate  framework  is  in  agreement  with  intercalation  of  single  chains  of 
polyaniline . 

The  electronic  absorption  spectrum  of  the  as  prepared  material  shows  an 
absorption  band  at  510  nm  (2.4  eV)  and  330  (3.7  eV)  which  have  been 
attributed  to  the  quinone  diimine  structure  [ -N-(C^H^)-N- ]  of  the  emeraldine 
base  (Figure  3).  The  host  exhibits  a  characteristic  absorption  at  4.5  eV. 
However,  when  the  sample  is  exposed  to  HC1  vapors  the  band  at  510  nm 
gradually  disappears  and  a  new  broad  band  appears  centered  at  760  nm  (1.6 
eV)  that  extends  into  the  near  ir.  The  absorption  at  3.4  eV  and  the  broad 
feature  extending  into  ir  have  been  associated  with  radical  cations 
supporting  polarons  as  charge  carriers. 

Further  evidence  for  the  presence  of  intercalated  polyaniline  comes 
from  ir  and  Raman  spectroscopy .  Ir  spectra  of  oriented  films  show  typical 
vibrations  of  polyaniline  at  1595,  1490,  1305  and  1245  cm"1.  The  bands  at 
1595  and  1245  cm"1  are  associated  with  the  reduced  repeat  units  [- 
(C5H4NH)-]  while  the  1490  and  1305  cm"1  are  attributed  to  the  quinone 
diimine  and  protonated  oxidized  repeat  units  respectively.  The  1305  cm'1 
band  is  also  characteristic  of  an  electron-phonon  Interaction.  Raman 
spectroscopy  with  457.9  nm  excitation  shows  absorptions  at  1630,  1370,  1325 
and  1205  cm"1  in  agreement  with  the  above  assignments. 

The  role  of  Cu^+  in  initiating  the  polymerization  of  analogous 
aromatic  systems  in  the  silicate  galleries  has  been  established  in  the  past 
by  electron  paramagnetic  resonance  and  x-ray  photoelectron  spectroscopy  [6- 
81.  Similar  experiments  for  the  polyaniline  intercalate  are  underway  in  our 
laboratory  and  the  results  will  be  communicated  in  the  near  future. 

The  as  prepared  polyaniline  intercalate  shows  excellent  thermal 
stability  up  to  700°C.  After  an  initial  weight  loss  of  approximately  3% 
presumably  due  to  residual  monomer  trapped  during  the  reaction  and/or 
adsorbed  atmospheric  moisture  there  is  no  further  weight  loss  up  to  700°C. 

Electrical  conductivity  measurements  were  performed  in  the  four-probe 
and  in-plane  geometry  using  oriented  film  samples.  The  room  temperature 
conductivity  of  HC1  exposed  samples  is  0.05  0hm"1cm'1  an  increase  by  five 
orders  of  magnitude  with  respect  to  Cu-exchanged  host.  Figure  4  shows  the 
variable  temperature  in-plane  conductivity  of  samples  exposed  to  HCl.  The 
current-voltage  characteristics  were  ohmic  throughout  the  temperature  range. 
Experimental  points  in  the  figure  are  connected  as  a  guide  to  the  eye.  As 
the  sample  is  heated  from  room  temperature  the  conductivity  increases  with 
increasing  temperatures  as  expected  for  semiconducting  behavior  or  In 
different  variable  range  hopping  models.  The  conductivity  increases 
reversibly  from  room  temperature  to  about  60  °C,  above  which  the 
conductivity  starts  to  decrease  slowly.  After  heating  to  temperatures 
higher  than  300  °C  and  rapidly  cooling  to  room  temperature  the  sample 
exhibits  a  conductivity  substantially  lower  from  that  at  room  temperature 
but  the  behavior  is  now  metallic;  i.e.  an  increase  in  temperature  leads  to  a 
decrease  in  conductivity.  The  variable  temperature  conductivity  data  agree 
very  well  with  the  behavior  observed  for  bulk  polyaniline  (11}.  Preliminary 
conductivity  measurements  perpendicular  to  the  silicate  layers  affirm  the 
highly  anisotropic  nature  of  the  material. 
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Figure  2.  X-ray  diffraction  pattern  for  PANI-MTS  multilayer 
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Figure  3.  Electronic  absorption  spectra  of:  (a)  as  prepared  PANI 
Intercalated  MTS  (solid  line);  (b)  after  exposure  to  HC1  vapors  (broken 
line). 

The  polyanillne/layered  silicate  hybrids  represent  a  new  class  of 
conducting  nanocomposites.  These  materials  consist  of  conducting  polymer 
chains  and  Insulating  host  layers  alternately  stacked  to  form  a  multilayered 
structure  with  molecular  dimensions  and  atomically  sharp  interfaces.  We 
have  extended  this  approach  of  Intercalative  polymerization  to  other 
polymer/host  systems.  The  structural,  spectroscopic  and  transport 
properties  of  these  systems  will  be  reported  in  the  future. 


Figure  4.  Resistivity  of  PANI  intercalated  MTS  exposed  to  HC1  as  a 
function  of  temperature. 
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ABSTRACT 

£ -Caprolactam  was  polymerized  in  the  interlayer 
spacing  of  montmor i 1 1  on i te,  a  clay  mineral,  yielding 
a  nylon  6-clay  hybrid  (NCH)  11  . 

X-ray  and  TEM  measurements  revealed  that  each  template  of 
the  silicate,  which  is  10  A  thick,  was  dispersed  in  the 
nylon  6  matrix  and  that  the  repeat  unit  increased  from  12  A 
in  unintercalated  material  to  214  A  in  the  intercalated 
material. 

Thus  NCH,  is  a  "polymer  based  molecular  composite”  or 
"nanometer  composite".  NCH,  when  injection-molded,  shows 
excellent  properties  as  compared  to  nylon  6  in  terms  of 
tensile  strength,  tensile  modulus  and  heat  resistance. 

Heat  distortion  temperature  increased  from  65  E  for  nylon  6 
to  152  t  for  NCH,  containing  4  wtx  (1.6  volK)  of  clay 
mineral . 

INTRODUCTION 

Nylon  6  (polycaploractam)  has  good  mechanical 
properties  and  is  a  commonly  used  engineering  polymer.  It 
has  been  successfully  reinforced  by  glass  fiber  or  other 
inorganic  materials  21  .  In  these  reinforced  composites,  the 
polymer  and  additives  are  not  homogeneously  dispersed  at  the 
microscopic  level.  If  the  dispersion  could  be  achieved  at 
the  microscopic  level,  the  mechanical  properties  would  be 
expected  to  be  further  improved  and/or  new  unexpected 
features  might  appear.  Clay  mineral  is  a  potential  candidate 
for  the  additive  since  it  is  composed  of  layered  silicates, 
10  A  thick,  and  undergoes  intercalation  with  organic 
molecules.  A  conceptive  picture  is  illustrated  in  Figure  1. 

EXPERIMENTAL 

Mater  ia  1  s 


Montmor i 1 1  on i te  "Kunipia  F"  was  supplied  by  Kunimine 
Ind.  Co.,  with  a  cation  exchange  capacity  of  119  mi  1 i 
equivalents/100  g.  Montmor i 1 1  on i te  is  a  fine  sheet-like 
particle  with  a  dimension  of  about  0.  1  »m  in  length,  0.  1  »m 
width  and  10  A  in  thickness.  Other  inorganic  and  organic 
materials  were  commercially  available. 


Mat.  Rll  Soc.  Symp.  Proc.  Vo).  171.  *  1W0  Materials  Rataarch  Soclaty 
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Fig.  1  A  conceptive  picture  of  polymerization 
in  the  presence  of  clay 


Preparation  of  12-montmori 1  Ionite 

In  an  electric  mixer,  25  g  of  montmori 1  Ionite  and 
1.75  1  of  water  were  mixed.  The  mixture  was  stirred  at  5000 
rpm  for  5  min.,  and  then  an  aqueous  suspension  of  clay  was 
obtained.  12.8  g  of  1 2-am ino 1 aur i c  acid  and  6.0  ml  of 
hydrochloric  acid  was  then  added  to  the  suspension  and  the 
mixture  was  further  stirred  at  5000  rpm  for  5  min.  The 
product  was  filtered,  washed  with  1  1  of  water,  freeze-dried 
and  dried  in  vacuo  at  100  E,  which  finally  yielded 
intercalated  montmori 1  Ionite  with  1 2-aminolaur ic  acid 
(termed  as  1 2-montmor i 1 loni te) . 


Preparation  of  hybrid 

A  typical  run  is  described.  The  reaction  vessel  was 
composed  of  a  500  ml-three  necked  separable  flask  with 
mechanical  stirrer.  In  the  vessel,  113  g  of  i -caprol actam 
and  5.97  g  of  1 2-montmor i 1 1  on i te  was  placed.  The  mixture 
was  heated  at  100  t  in  an  oil  bath  with  stirring  for  30 
min.  The  temperature  was  then  elevated  to  250  "C  and 
maintained  for  48  hr.  After  cooling,  the  product  was 
mechanically  crushed.  The  finely  divided  particles  were 
washed  with  2  1  of  water  at  80  T)  for  1  hr.  Drying  at  80  t 
overnight  yielded  a  nylon  6-clay  hybrid  (termed  as  NCH). 
Nylon  6-clay  composites  (termed  as  NCC)  were 
prepared  by  blending  commercial  nylon-6  and  montmol I ironite 
in  an  extruder  for  comparison  with  NCH.  These  materials 
were  injection-molded  for  measurement. 


Character izat ion 


X-ray  measurement  was  done  with  a  Rigaku  RU-3L  X-ray 
Diffractometer  using  Co  Kj  radiation. 

Transmission  electron  micrographs  were  obtained  with  a 
Jeol-200CX  TEM  using  an  acceleration  voltage  of  200  kV. 

Viscoelastic  measurement  was  done  using  Iwamoto 
Seisakusho  VES-F  Vi scoe lastometer . 

Tensile  strength  and  other  mechanical  properties  were 
measured  following  ASTM. 


RESULTS  AND  DISCUSS  TON 
Polymerization 

When  £ -caprolactam  (mp  70  t)  and  1 2-montmor i 1 1  on i te 
were  heated  at  100  C  under  stirring,  the  mixture  yielded  a 
viscous  dispersion.  Interlayer  distance  in  the  suspension 
was  40  A  as  compared  to  17  A  for  1 2-montmor i 1 1  on i te.  This 
indicates  that  the  monomer  was  intercalated  into  the 
silicates.  Polymerization  was  performed  at  250  £. 

Interlayer  distance,  D,  could  be  directly  obtained  in 
XRD  diagrams. 

Figure  2  compares  the  transmission  electron  micrographs 
of  sections  of  molded  NCH.  The  dark  lines  are  intersections 
of  sheet  silicate  of  10  A  thickness  and  spacings  between 
the  dark  lines  are  interlayer  distances. 

Table  1  shows  the  interlayer  distance,  D,  obtained  by 
XRD  and  TEM.  The  D  values  agree  very  well. 

D  was  found  to  be  inversely  proportional  to  the  montmori- 
1  Ionite  content.  A  maximum  D  of  214  A  was  observed. 

The  thickness  of  a  layer  of  silicate  is  about  10  A. 
This  is  of  the  order  of  molecular-size  and  therefore  can  be 
thought  to  be  an  "inorganic  macromolecule"  so  that  in  NCH, 
the  polymer  and  montmori 1  Ionite  are  mixed  at  a  molecular 
level  forming  a  "polymer  based  molecular  composite". 

On  the  other  hand,  D  in  the  NCC  was  12  A  and  therefore  it 
is  not  a  "nanometer  composite". 


Propert ies 

The  dynamic  elastic  moduli  C  E ’ >  were  obtained  at  10  Hz 
between  -150  D  and  250  £.  The  moduli  of  NCH-5  exceeded  those 
of  NCC-5  and  nylon  6  in  all  the  region  of  temperature. 

The  modulus  of  NCH-5  was  more  than  twice  that  of  other 
specimens  around  120  t. 

Mechanical  properties  of  NCH-5  are  shown  in  Table  2 
together  with  nylon  6  and  NCC-5.  The  tensile  strength  and 
tensile  modulus  of  NCH  were  superior  to  others.  Impact 
strength  of  NCH  was  comparable  to  nylon  6. 
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Table  1 

Interlayer  distances  of  NCHs 

Specimen 

Montmorillonite 

Distance 

Distance 

(wt%) 

(X-ray,  A) 

(TEM,  A) 

NCH-5 

4.2 

>150 

214 

NCH-10 

9.0 

121 

115 

NCH-15 

14.5 

64 

62 

NCH-30 

25.0 

51 

50 

NCC-5 

5.0 

12 

Table  2 

Properties  of  NCH-5  (1) 

Specimen 

Tensile  strength 

Tensile  modulus  Charpy  impact 

Montmorillonite 

(MPa) 

(GPa) 

strength 

(wt%) 

(KJ/mO 

NCH-5 

107 

2.1 

6.1 

(4.2) 

NCC-5 

61 

1.0 

5.9 

(5.0) 

nylon  6 

69 

1.1 

6.2 

(0) 


Table  2  (continued)  Properties  of  NCH-5  (2) 


Specimen 

HDT 

Rate  of  water 

Coefficient  of  thermal  expansion 

Montmorillonite 

at  18.5kg/cm' 

absorption 

flow  perpendicular 

(wt%) 

CC) 

23-C.1  day 

direction  direction 

<%) 

(cm/cm ’C) 

NCH-5 

(4.2) 

152 

0.51 

6.3x10 '5 

13.1x10"* 

NCC-5 

(5.0) 

89 

0.90 

10.3 

13.4 

1 1.8 


nylon  6 
(0) 


65 


0.87 


11.7 


so 


The  most  prominent  effect  was  observed  in  heat  distor¬ 
tion  temperature  (HDT).  HDT  of  NCH-5  containing  only  4  wtX 
of  montmor i  1 1  on i te  was  152  t,  which  was  87  1C  higher  than 
that  of  nylon  6.  This  effect  in  NCH  is  a  drastic 
improvement  in  the  quality  of  nylon  6. 

Resistance  to  water  was  also  improved.  The  rate  of 
water  absorption  in  NCH  was  lowered  by  40  X  as  compared  to 
nylon  6  and  NCC. 

The  molded  specimen  was  found  to  be  anisotropic. 

The  coefficient  of  thermal  expansion  of  NCH-5  in  the  flow 
direction  was  lower  than  half  of  that  in  the  perpendicular 
direction.  Nylon  6  was  isotropic  and  NCC  was  intermediate. 
Sheets  of  silicate  were  parallel  to  the  flow  direction  of 
the  mold.  The  polymer  chains  also  oriented  in  the  same 
direction.  It  seems  that  anisotropy  of  thermal  expansion 
resulted  from  the  orientations  of  silicate  and  polymer 
chains. 

Excellent  properties  in  NCH  can  be  considerd  to  have 
origin  in  an  enormous  surface  area  and  ionic  bonds  between 
the  organic  polymer  and  inorganic  silicate  sheet. 


CONCLUSION 

£ -Capro I ac tam  was  polymerized  in  the  interlayer 
spacing  of  montmor i 1 1  on i te,  a  clay  mineral,  yielding 
a  nylon  6-clay  hybrid  (NCH). 

XRD  and  TEM  studies  have  revealed  that  this  NCH  is  a  real 
"polymer  based  molecular  composite"  or  "nanometer 
compos i te”. 

NCH  can  be  i  n.jec  t  i  on -mo  1  ded  and  shows  excellent 
properties  as  compared  to  nylon  6  in  terms  of  tensile 
strength,  tensile  modulus  and  heat  resistance. 

NCH  is  now  open  to  practical  use. 

We  believe  that  this  method  has  opened  a  new  field  and  is 
a  novel  processing  technique  exploiting  the  intercalation 
properties  of  layered  compounds. 
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ABSTRACT 

The  goal  of  primary  interest  in  these  investigations  was  the  development  of  novel 
methods  for  filling  elastomeric  networks.  The  techniques  developed  employ  the  in-situ 
generation  of  reinforcing  fillers  such  as  silica  or  a  glassy  polymer  such  as  polystyrene  either 
after,  during,  or  before  network  formation.  The  reaction  involves  decomposition  of 
organometallic  compounds,  using  a  variety  of  catalysts  and  precipitation  conditions,  or  free- 
radical  polymerization  of  a  suitable  monomer.  The  effectiveness  of  the  technique  is  gauged  by 
stress-strain  measurements  carried  out  on  these  elastomeric  composites  to  yield  values  of  the 
maximum  extensibility,  ultimate  strength,  and  energy  of  rupture.  Also  of  interest  are  calorimetric 
studies  of  the  networks,  to  determine  their  crystailizability.  Information  on  the  filler  particles 
themselves  is  obtained  from  density  determinations,  electron  microscopy,  and  scattering 
measurements. 


INTRODUCTION 

There  are  a  number  of  disadvantages  to  reinforcing  an  elastomer  by  the  usual  technique 
11,2]  of  blending  a  finely  divided  filler  (such  as  carbon  black  or  silica)  into  a  polymer  before 
cross  linking  it  [3].  A  number  of  alternative  techniques  are  therefore  also  under  development. 
Examples  of  such  techniques  are  presented  here,  with  a  strong  emphasis  on  results  beyond  those 
described  in  three  recent  reviews  which  are  at  least  partly  on  the  same  subject  |4-6].  They 
include  hydrolysis  of  organometallic  compounds  within  a  polymeric  matrix  to  give  ceramic 
particles  such  as  silica  and  titania.  The  semi-inorganic  polymer,  poly(dimethylsiloxane) 
(PDMS)  has  been  most  studied  in  this  regard.  The  case  where  the  ceramic  predominates  and 
becomes  the  continuous  phase  is  also  mentioned.  An  alternative  approach  where  monomers 
such  as  styrene  or  methyl  methacrylate  are  polymerized  in-situ  to  give  glassy  polymers  is  also 
described,  as  are  some  related  systems  in  which  there  are  magnetic  particles  or  zeolites. 

Of  primary  interest  here  is  the  reinforcement  provided  by  these  fillers.  It  is  easy  to 
switch  the  focus,  however,  so  that  the  elastomer  is  viewed  as  only  a  matrix  in  which  the  ceramic 
materials  are  being  generated.  In  this  "matrix  isolation"  approach  (7),  X-ray  and  neutron 
scattering  techniques,  for  example,  can  be  used  to  obtain  information  that  transcends  these 
particular  systems.  It  should  be  useful  in  a  variety  of  areas,  including  the  new  sol-gel  technique 
for  preparing  ceramics  of  carefully  controlled  ultrastructure  [8-11], 


IN-SITU  PRECIPITATIONS 
Typical  Hydrolysis  Reactions 

The  most  important  reaction  in  this  area  is  the  acid  or  base  catalyzed  hydrolysis  of 
tetraethoxysilane  (TEOS)  as  described  by  the  chemical  equation  |4-6|, 

S'(OC2HS)4  +  2H20  -*  S'°2  +  4C2H5OH  ( 1  ) 

Analogous  reactions  [8-11]  can  be  carried  out,  however,  on  titanates  [12-14],  aluminates  [15], 
zirconates  [16].  In  the  sol-gel  technique,  the  process  first  gives  a  (swollen)  gel,  which  is  then 
dried,  fired,  and  densifted  into  a  final,  monolithic  piece  of  silica  |8-1 1).  There  have  now  been  a 
number  of  additional  studies  using  essentially  the  same  reactions,  but  in  a  very  different  context 
[4-6].  Specifically,  the  hydrolysis  reactions  are  carried  out  within  a  polymeric  matrix,  with  the 
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ceramic  frequently  generated  in  the  form  of  very  small,  well-dispersed  particles.  When  the 
matrix  is  an  elastomer,  these  particles  provide  the  same  highly  desirable  reinforcing  effects 
obtained  by  the  usual  blending  of  a  filler  (such  as  carbon  black)  into  polymers  (such  as  natural 
rubber)  prior  to  their  being  cross-linked  or  cured  into  tough  elastomers  of  commercial 
importance  [1,2]. 

These  reactions  can  be  carried  out  in  three  ways  [4-6].  In  the  first,  the  polymer  is  cross 
linked  and  then  swelled  with  the  organometallic,  which  is  then  hydrolyzed  in-situ.  In  the 
second,  hydroxyl-terminated  chains  are  blended  with  enough  TEOS  to  both  end  link  them  and 
provide  silica  by  the  hydrolysis  reaction.  Thus,  curing  and  filling  take  place  simultaneously,  in 
a  one-step  process.  In  the  final  technique,  TEOS  is  blended  into  polymer  having  end  groups 
(e.g.  vinyls)  that  are  unreactive  under  hydrolysis  conditions.  The  silica  is  then  formed  in  the 
usual  manner  [Eqn  (1)],  and  the  product  dried.  The  resulting  slurry  of  polymer  and  silica  is 
stable  and  can  be  cross  linked  later  using  any  of  the  standard  cross  linking  techniques,  such  as 
vinyl-silane  coupling  [5,17,18]. 

The  kinetics  of  this  reaction  are  being  studied  [19]  using  air-pressure  deformation 
measurements  [20]  on  the  gels,  in  a  manner  similar  to  that  used  to  characterize  thermoreversible 
polyethylene  gels  [21]. 

Comparisons  Among  Various  Silica-Based  Fillers 

There  are  a  variety  of  ways  to  generate  silica-type  fillers  useful  for  reinforcing  PDMS 
networks.  The  extent  to  which  such  Alien  provide  reinforcement  was  characterized  in  a  recent 
study  [22].  The  materials  and  techniques  employed  were  (i)  incorporating  a  commercial  silica 
which  had  been  treated  with  hexamethyldisilazane  as  a  coupling  agent,  (ii)  PDMS  with  silica 
which  had  been  precipitated  from  an  aqueous  dispenion,  (iii)  precipitating  silica  directly  into 
PDMS  during  its  curing,  (iv)  precipitating  silica  directly  into  a  swollen  PDMS  network  after  it 
was  cured,  (v)  incorporating  silica  prepared  from  tetraethoxy silane  (TEOS)  and  containing  some 
PDMS,  and  (vi)  incorporating  silica  prepared  from  partially  hydrolyzed  TEOS  and  also 
containing  some  PDMS.  The  resulting  Ailed  elastomers  showed  the  largest  values  of  the 
ultimate  strength  in  the  case  of  (iv)  and  (vi),  and  the  largest  value  of  the  rupture  energy  for  (iv). 

Other  Polymcn 

Most  of  the  studies  to  date  have  involved  PDMS,  primarily  because  of  its  great 
miscibility  with  TEOS.  Similar  studies  [23]  on  the  related  polymer,  poly(methylphenyl- 
siloxane),  however,  are  of  considerable  importance.  In  this  case  the  stereochemically  irregular 
structure  of  the  polymer  prevents  strain-induced  crystallization  [5,24].  Good  in-situ  generated 
reinforcement  was  also  achieved  in  this  polymer,  suggesting  that  such  crystallization  is  not 
necessary  for  reinforcement  [23]. 

The  same  techniques  have  also  been  shown  to  give  good  reinforcement  in 
polyisobutylene  elastomers  [25],  and  in  po!y(ethyl  acrylate)  [26].  In  the  latter  case,  it  appears 
that  the  precipitation  can  be  carried  out  during  an  emulsion  polymerization  [26]. 

Other  Ceramic-Type  Fillers 

Silica  particles  in  PDMS  elastomers  can  be  a  problem  at  high  temperature,  since  the 
silanol  groups  on  their  surfaces  can  cause  degradation  of  the  polymer  [13,27].  For  this,  and 
other  reasons,  a  variety  of  other  Allen  have  been  precipitated  into  this  polymer.  Included  are 
titania  (T1O2)  [12-14],  alumina  (AI2O3)  1 15],  and  zirconia  (Z1O2)  [16]. 

These  non-silica  Allen  also  provide  good  reinforcement.  One  interesting  difference, 
however,  is  the  observation  that  the  stress-strain  isotherms  in  these  cases  frequently  have  much 
better  revenibility  [14],  Reversibility  is  presumably  due  to  different  interactions  between  the 
surface  groups  present  on  these  panicles  and  the  PDMS  elastomeric  matrix. 


Aging  Effects 
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Permitting  precipitated  silica  particles  to  remain  in  contact  with  their  aqueous  catalyst 
solution  can  permit  them  to  "age'  or  "digest"  [28,29].  Electron  microscopy  results  suggest  that 
some  reorganization  is  occurring,  with  the  particles  becoming  better  defined,  more  uniform  in 
size,  and  possibly  even  less  aggregated.  There  seem  to  be  interesting  parallels  with  "Ostwald 
ripening"  in  the  area  of  colloid  science  [30], 

Density  Measurements 

Comparisons  between  the  values  of  wt  %  filler  obtained  from  density  measurements  and 
the  values  obtained  directly  from  weight  increases  can  give  very  useful  information  on  the  filler 
particles.  For  example,  the  fact  that  the  former  estimate  is  smaller  than  the  latter  in  the  case  of 
silica-filled  PDMS  elastomers  [31]  indicates  that  there  are  probably  either  voids  or  unreacted 
organic  groups  in  the  filler  particles. 

Calorimetry 

Differential  scanning  calorimetry  measurements  at  low  temperatures  were  carried  out  on 
PDMS  elastomers  containing  in-situ  precipitated  silica  [32],  The  presence  of  the  silica  was 
found  to  reduce  both  the  extent  of  crystallization  and  the  rate  of  crystallization  when  the 
elastomers  were  in  the  unstretched  state  in  contrast  to  similar  studies  of  PDMS  in  the  stretched 
state,  where  the  filler  may  facilitate  the  crystallizadon  process  [33J. 

ElcaraoMaascocy 

Both  tram  nission  [4-6,28]  and  scanning  [34]  electron  microscopy  have  been  used  to 
characterize  these  novel  composite  materials.  The  information  obtained  in  this  way  includes  (i) 
the  nature  of  the  precipitated  phase  (particulate  or  non-particulate),  (ii)  the  average  particle  size, 
if  particulate,  (iii)  the  distribution  of  particle  sizes,  (iv)  the  degree  to  which  the  panicles  are  well 
defined,  and  (v)  the  degree  of  agglomeration  of  the  panicles. 

One  interesting  result  of  this  type  is  the  conclusion  that  basic  catalysts  generally  yield 
panicles  that  are  well  defined,  whereas  acidic  catalysts  yield  panicles  that  are  rather  "fuzzy" 
[4,28].  This  conclusion  is  in  agreement  with  results  obtained  earlier  in  sol-gel  ceramics 
investigations  [35]. 

Scattering  Studies 

A  number  of  X-ray  and  neutron  scattering  studies  have  been  carried  out  on  these  filled 
elastomers  [4,5,36,37].  Although  the  results  are  generally  consistent  with  those  obtained  by 
electron  microscopy,  there  are  some  intriguing  differences.  Of  particular  interest  is  the 
observation  that  some  fillers  which  appear  to  be  paniculate  in  electron  microscopy,  appear  to 
consist  of  a  continuously  interpenetrating  phase  by  scattering  measurements  [  36,37).  Additional 
comparisons  could  certainly  be  very  illuminating  in  this  regard. 


POLYMER-MODIFIED  CERAMICS 

The  technique  of  hydrolyzing  an  organometallic  substance  such  as  an  alky)  silicate  can  be 
generalized  to  make  the  silica  generated  the  continuous  phase,  with  domains  of  PDMS  dispersed 
in  it.  Of  course,  relatively  high  concentrations  of  the  silicate  are  necessary.  By  varying  its 
amount,  composite  materials  can  be  obtained  ranging  from  relatively  soft  elastomers,  to  tough 
hybrid  materials,  to  brittle  ceramics  (38-40|.  Important  properties  to  be  correlated  with 
composition  would  include  impact  resistance,  ultimate  strength,  maximum  extensibility,  and 
viscoelastic  effects. 
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IN-SITU  POLYMERIZATIONS 
Isotropic  Systems 

It  is  also  possible  to  obtain  reinforcement  by  polymerizing  a  monomer  such  as  styrene  to 
yield  hard  glassy  domains  within  the  elastomer  [41].  In  PDMS,  low  concentrations  of  styrene 
give  low  molecular  weight  polymer  that  acts  more  like  a  plasticizer  than  a  reinforcing  filler.  The 
initial  plasticization  effect  is  revealed  by  the  stress-strain  results  which  show  an  initial  decrease 
in  the  energy  of  rupture.  This  conclusion  is  supported  by  the  absence  of  evidence  for 
polystyrene  (PS)  particles  at  lower  styrene  concentrations.  Polyisobutylene  has  also  been 
reinforced  in  this  manner  [42].  In  both  cases,  the  particles  are  roughly  spherical  and  the  system 
isotropic. 

The  glassy  particles  thus  generated  are  relatively  easy  to  extract  from  the  elastomeric 
matrix,  which  means  that  there  is  little  effective  bonding  between  the  two  phases.  It  is  possible, 
however,  to  get  excellent  bonding  onto  the  filler  particles.  One  way  is  to  include  some 
R'Si(OCiH5)j,  where  R'  is  an  unsaturated  group.  The  R'  groups  on  the  surfaces  of  the 
particles  then  participate  in  the  polymerization,  thereby  bonding  the  elastomer  chains  to  the 
reinforcing  particles  [43].  Alternatively,  the  R'Si(OC2H5>3  can  be  used  as  one  of  the  end¬ 
linking  agents,  placing  unsaturated  groups  at  the  cross  links  [44],  Their  participation  in  the 
polymerization  would  now  tie  the  PS  domains  to  the  elastomer's  network  structure. 

The  PS  domains  have  the  disadvantage  of  having  a  relatively  low  glass  transition 
temperature  Tg  (~100°C)  [45]  and  being  totally  amorphous.  Above  Tg  they  would  therefore 
soften  and  presumably  lose  their  reinforcing  capability.  For  this  reason,  similar  studies  have 
been  carried  out  using  poly(diphenylsiloxane)  as  the  reinforcing  phase.  For  an  elastomer,  this 
material  has  a  relatively  high  Tg  of  49°C  [46],  is  crystalline,  and  has  an  extraordinarily  high 
melting  point  of  550°C  [46], 


It  is  possible  to  convert  the  essentially  spherical  PS  domains  described  above  to  rod-like 
ellipsoidal  panicles  [34].  First,  the  PS-elastomer  composite  is  raised  to  a  temperature  well 
above  the  Tg  of  PS.  It  is  then  stretched  uniaxially,  and  cooled  while  in  the  stretched  state.  The 
panicles  are  deformed  into  prolate  ellipsoids,  and  retain  this  slope  when  cooled.  When  the 
deforming  force  is  removed,  the  elastomer  is  observed  to  retract,  but  only  pan  of  the  way  back 
to  its  original  dimensions.  The  panicles  themselves  were  characterized  using  scanning  and 
transmission  electron  microscopy,  and  found  to  have  axial  ratios  of  approximately  2,  and  to 
have  their  axes  preferentially  oriented  in  the  direction  of  the  high-temperature  stretching.  The 
reinforcement  they  provided  were  characterized  using  stress-strain  measurements  in  elongation 
at  room  temperature.  In  these  anisotropic  materials,  the  moduli  in  the  direction  parallel  to  the 
original  stretching  direction  was  found  to  be  significantly  higher  than  that  of  the  untreated 
(isotropic)  PS-PDMS  elastomer,  whereas  in  the  perpendicular  direction  it  was  significantly 
lower. 


It  should  also  be  possible  to  generate  oblate  ellipsoids  by  stretching  such  a  PS-PDMS 
elastomer  biaxially,  for  example,  by  inflation  of  a  sheet  of  the  material.  Such  experiments  are  in 
progress  (34|. 


SOME  RELATED  SYSTEMS 

Masngiic.Panic]c5 

Some  filler  particles  can  be  manipulated  with  a  magnetic  field  [47,48].  For  example, 
magnetic  ferrite  particles  dispersed  in  PDMS  can  be  aligned  in  a  magnetic  field  during  the  cross- 
linking  process.  In  this  way  anisotropic  mechanical  properties  can  be  obtained,  even  from 
essentially  spherical  panicles.  The  reinforcement  is  found  to  be  significantly  larger  in  the 
direction  parallel  to  the  magnetic  lines  of  force. 
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This  technique  could  be  combined  with  the  in-situ  approach  by  generating  metal  or  metal 
oxide  magnetic  particles  in  a  magnetic  field  [49,50]  for  example  by  the  thermolysis  or  photolysis 
of  a  metal  carbonyl. 

Zeolites 

One  of  the  problems  with  fillers  used  to  reinforce  elastomers,  however  introduced,  is 
their  amorphous  nature  [  1,2].  This  lack  of  a  well-defined  structure  makes  them  poor  choices  for 
determining  how  the  structure  of  a  filler  affects  the  reinforcement  it  provides  [51]. 

The  zeolites  are  a  related  group  of  silicate-based  materials  which  (i)  are  crystalline,  (ii) 
have  conveniently-sized  holes  or  cavities,  and  (iii)  have  had  their  structures  extensively 
documented  [51,52].  Two  zeolites  have  been  investigated  as  fillers  and  found  to  give  good 
reinforcement  of  PDMS  elastomers  [511.  The  one  that  had  cavities  3  A  in  diameter  was  not 
nearly  as  effective  as  the  one  having  13  A  diameter  cavities.  In  the  latter  case,  the  cavities  may 
have  been  large  enough  for  them  to  be  invaded  by  the  PDMS  chains,  which  could  explain  the 
enhanced  reinforcement. 

It  would  be  particularly  exciting  if  such  sieve-like  materials  of  known  structures  could  be 
prepared  in-situ. 
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ABSTRACT 

The  structure  of  several  classes  of  silica/siloxane  molecular  composites  is  investigated 
using  small-angle  x-ray  and  neutron  scattering.  These  filled  elastomers  can  be  prepared  through 
different  synthethic  protocols  leading  to  a  range  of  fillers  including  particulates  with  both  rough 
and  smooth  surfaces,  particulates  with  dispersed  interfaces,  and  polymeric  networks.  We  also 
find  examples  of  bicontinuous  filler  phases  that  we  attribute  to  phase  separation  via  spinodal  de¬ 
composition.  In-situ  kinetic  studies  of  particulate  fillers  show  that  the  precipitate  does  not  de¬ 
velop  by  conventional  nucleation-and-growth.  We  see  no  evidence  of  growth  by  ripening 
whereby  large  particles  grow  by  consumption  of  small  particles.  Rather,  there  appears  to  be  a 
limiting  size  set  by  the  elastomer  network  itself.  Phase  separation  develops  by  continuous 
nucleahon  of  particles  and  subsequent  growth  to  the  limiting  size.  We  also  briefly  report  studies 
of  polymer-toughened  glasses.  In  this  case,  we  find  no  obvious  correlation  between  organic 
content  and  structure. 


INTRODUCTION 

Historically,  the  development  of  specialty  polymers  has  proceeded  largely  through  the 
manipulation  of  polymer  chain  architecture.  Glassy  vs  rubbery  behavior,  for  example,  can  be 
adjusted  with  backbone  stiffness.  Strain-induced  crystallization  can  be  enhanced  via  stereoregu¬ 
larity.  Flame  retardancy  is  augmented  by  incorporation  of  chlorinated  moieties.  Silicon-based 
systems  provide  enhanced  high-temperature  stability.  In  all  these  cases,  the  enhancement  of  a 
targeted  property  usually  implies  the  sacrifice  of  another.  If  backbone  stiffness  is  increased  to 
raise  the  glass  transition  temperature,  for  example,  toughness  is  bound  to  suffer. 

Multicomponent  systems  that  are  homogeneous  on  length  scales  exceeding  1pm  offer 
new  promise  to  meet  the  competing  requirements  of  high-performance  polymers.  The  hope  is 
that  by  appropriate  manipulation  of  phase  structure,  it  will  be  possible  to  simultaneously  enhance 
multiple  properties.  Unfortunately,  successful  techniques  for  achieving  these  so-called  molecu¬ 
lar  composites  (MCs)  are  limited.  In  the  absence  of  systematic  relationships  between  synthetic 
protocol,  structure  and  properties,  it  is  difficult  to  optimize  these  materials.  Even  for  conven¬ 
tional  composites  prepared  by  mixing,  for  example,  the  properties  (ramification,  stiffness,  inter¬ 
facial  properties  etc.)  of  the  ideal  filler  are  not  well  established. 

Two  factors  have  limited  the  understanding  of  the  microstructure  of  complex  phase-sepa¬ 
rated  materials:  the  absence  of  unambiguous  methods  for  characterizing  structure,  and  the  lack  of 
reasonable  models  to  predict  structure  based  on  chemical  and  physical  parameters.  Substantial 
progress,  however,  has  been  made  in  both  these  areas  due  to  advances  in  instrumentation,  ad¬ 
vances  in  the  interpretation  of  scattering  from  disordered  systems,  and  advances  in  development 
of  simple  models  describing  complex  disorderly  growth  processes.  Here  we  attempt  to  build  on 
these  advances  to  enhance  our  understanding  of  silica/siloxane  MC’s. 

We  focus  on  the  structure  of  microphase-separated  silica-filled  siloxane  elastomers!  1 ) . 
We  study  materials  ranging  from  the  unfilled  siloxane  rubber  to  polymer-toughened  silicate 
glasses.  Based  on  insights  from  kinetic  growth  models  and  known  results  for  solution  polymer¬ 
ization  of  silicon  alkoxides[2],  we  formulate  synthetic  recipes  designed  to  generate  fillers  of 
varying  degrees  of  ramification.  We  infer  relevant  aspects  of  the  filler  structure  from  small-angle 
x-ray  (SAXS)  and  small-angle  neutron  scattering  (SANS).  We  establish  that  filler  structure  does 
indeed  depend  on  synthetic  protocol.  Elsewhere  we  discuss  the  relationship  between  structure 
and  mechanical  properties[3j. 
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Because  of  the  importance  of  "structure"  to  our  study,  we  first  review  the  nature  of  small- 
angle  scattering  of  neutrons  (SANS)  and  x-rays  (SAXS)  from  multiphase  materials.  To  under¬ 
stand  the  relationship  between  structure,  scattering  and  synthetic  technique  it  is  useful  to  consider 
the  distinction  between  equilibrium,  and  kinetic  factors  that  influence  morphology,  and  therefore 
scattering  behavior. 


STRUCTURE  AND  SMALL-ANGLE  SCATTERING 

Even  a  brief  review  of  the  history  of  crystalline  materials  reveals  that  Bragg's  discovery 
of  sharp  x-ray  diffraction  lines  played  a  crucial  role  in  the  understanding  of  the  structure  and 
properties  of  crystalline  solids.  No  less  important  were  the  advances  in  the  interpretation  the 
broad  x-ray  diffraction  features  from  disordered  systems  such  as  liquids  and  glasses.  In  both 
cases  the  knowledge  extracted  from  diffraction  pertains  to  atomic  and  molecular  length  scales. 

Molecular  composites  are  typically  disordered  with  "structure"  occuring  on  length  scales 
that  are  large  compared  to  atomic  dimensions.  Often  this  large-scale  morphology  is  of  dominant 
importance  in  determining  material  properties.  Diffraction  (actually  diffuse  scattering)  from  these 
materials  is  found  at  small  angles  (<1°)  and  is  often  rather  featureless.  Interpretation  of  these 
featureless  profiles  is  the  key  to  structure/property  relationships  in  microphase-separated  materi¬ 
als. 

Recently,  fractal  geometry[4,  5]  has  emerged  as  the  pertinent  description  for  countless 
random  physical  phenomena  and  disordered  natural  forms  ranging  from  branched  polymers  to 
geographic  coastlines.  Fractal  geometry  not  only  delivers  a  quantitative  measure  of  disorder  but 
also  provides  insight  into  the  origin  of  that  disorder  in  terms  of  growth  models[6].  In  addition, 
the  featureless  scattering  curves  (often  power-law  in  form)  described  above  fall  to  simple  inter¬ 
pretation  using  fractal  geometry. 

Disordered  fractal  forms  are  often  observed  in  systems  that  develop  far  from  equilibrium 
via  kinetic  growth  processes.  Order,  by  contrast,  is  the  signature  of  equilibrium  and  results  be¬ 
cause  the  system  has  the  opportunity  to  test  many  configurations  and  find  the  lowest  energy  state, 
albeit  in  accordance  with  Boltzmann's  law.  An  example  of  an  equilibrium  structure  is  a  crystal 
grown  from  solution  where  depositing  atoms  or  molecules  can  move  on  the  surface  to  find  an 
optimum  solidification  front.  Kinetic  growth,  on  the  other  hand,  occurs  when  bonds,  once 
formed,  do  not  dissociate  so  the  system  develops  far  from  equilibrium.  By  near-equilibrium 

growth  we  envision  an  intermediate 
process  where  thermodynamic  factors,  like 
surface  tension,  influence  growth  as  the 
system  approaches  the  lowest-energy 
equilibrium  state. 

Figure  1  compares  typical  scattering 
patterns  expected  for  equilibrium,  near¬ 
equilibrium  and  kinetic  systems.  The 
scattered  intensity  I(Q)  is  parameterized  by 
the  momentum  transfer  or  scattering  wave 
vector  Q,  which,  for  elastic  scattering,  is 
simply  proportional  to  sin(0/2)  with  0 
being  the  scattering  angle  measured  from 
the  transmitted  beam, 

I(Q)  =  Jg(r)  exp(iQr)  d3r. 

Here  g(r)  is  the  autocorrelation  function  of 
scattering  centers  (e.g.,  electrons  in  the 
case  of  x  rays).  Qualitatively  I(Q) 
measures  the  strength  of  the  spatial  Fourier 
component  with  wave  vector  Q  in  the 
spectrum  of  density  or  concentration 
fluctuations.  Thus,  the  sharp  lines  in  Fig. 
1-A  correspond  to  discrete  Fourier 
components  (Bragg  reflections)  and 


FIG.  1.  Scattering  profiles  for  ordered  equi¬ 
librium  systems  compared  to  those  expected 
from  three  growth  processes. 
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represent  the  pattern  seen  for  ordered, 
equilibrium  systems.  If  the  growth  process 
is  accelerated,  say  by  a  quench,  then  new 
broad  features  are  found  in  the  scattering 
profiles  particularly  at  small  angles 
corresponding  to  large  distances  (actually 
exceedingly  large  compared  to  atomic 
scales)  equivalent  to  Bragg  spacings  of  100 
A  or  more.  Figure  1-B,  for  example, 
shows  the  development  of  a  peak  in  the 
scattering  profile  for  growth  following  a 
spinodal  quench.  Fig.  1-C  is  the 
corresponding  profile  for  nucleation-and- 
growth,  a  process  characteristic  of 
quenches  into  the  metastable  regime.  Here 
the  limiting  slope  is  -4,  the  signature  of 
smooth  sharp  interfaces  and  the  scattering 
profile  develops  in  a  characteristic  manner 
as  indicated  in  the  figure.  For  these  near- 
equilibrium  growth  processes, 
thermodynamic  concepts  like  surface 
tension  are  valid  and  provide  an  essential 
understanding  of  the  observed  structures 
and  their  time  development!?,  8, 9], 

A  qualitatively  distinct  scattering  profile  is  observed  in  kinetic  systems  that  evolve  far 
from  equilibrium.  In  this  case  featureless  power-law  scattering  is  observed  (Fig.  1-D),  indicating 
a  power-law  continuum  of  Fourier  components[2,  5,  6],  From  the  slope  S  of  log-log  plots  of  I 
vs  Q,  one  can  distinguish  smooth  surfaces  (S  =  -4)  from  fractally  rough  surfaces  (S  =  -3  to  -4) 
from  a  branched  or  linear  polymer  (S  =  -1  to  -3).  Slopes  less  (i.e.  steeper)  than  -4  indicate  a 
gradient  in  the  concentration  of  the  two  phases  at  the  interface.  Detailed  analysis  of  the  shape  of 
the  scattering  curve  for  these  systems  yields  the  interfacial  profile!  10, 1 1  ]. 


Q(A-1) 

FIG.  2.  Scattering  profiles  for  thick  samples 
polymerized  under  acidic  and  basic  condi¬ 
tions  by  the  two-step  procedure. 


REINFORCED  ELASTOMERS 

Based  on  the  above  ideas,  we  studied  the  structure  of  a  series  of  silica-filled  siloxane 
elastomers!  1].  Typically  the  elastomer  was  prepared  from  hydroxy-terminated  polydimethyl- 
siloxane  (PDMS)  of  number-average  molecular  weight  18.0  x  103  end-linked  with  TEOS 
(tetraethylorthosilicate),  using  stannous-2-ethylhexanoate  as  a  catalyst.  The  weight  ratios  of 
PDMS:TEOS:CATALYST  were  100:0.58:0.3  These  networks  were  extracted  using  tetra- 
hydrofuran  and  dried. 

The  above  networks  were  then  filled  by  first  swelling  in  pure  TEOS  and  subsequently 
placing  swollen  strips  into  acidic  and  basic  water  solutions  prepared  from  acetic  acid  and  ammo¬ 
nia  at  pH  =  2.5  and  1 1.  We  call  this  a  two-step  procedure.  Room  temperature  reactions  were 
carried  out  for  6  to  12  hours.  The  amount  of  filler  was  calculated  from  the  weight  gain. 

Fig.  2  shows  the  scattering  profiles  for  acid  and  base-catalyzed  filler  precipitated  in  3  mm 
thick  PDMS  elastomers.  In  Fig.  2  as  in  Figs  4  and  5,  a  Q-independent  background  has  been 
subtracted  from  the  data.  The  limiting  slopes  of  -4  (acid)  and  -4.5  (base)  in  Fig.  2  imply  compact 
particulate  fillers  with  sharp  and  diffuse  interfaces  respectively.  In  some  cases,  we  observe 
slopes  of  exactly  -4.0  for  basic  systems  at  low  filler  content,  although  the  rule  is  that  the  slopes 
are  steeper  indicating  a  gradient  in  the  two  phases  at  the  interface.  The  base-catalyzed  data  were 
fit  to  a  model!  1 1]  that  assumes  a  sigmoidal  interfacial  gradient  between  Si02  and  PDMS  yielding 
an  interfacial  layer  of  10A.  For  the  acid-catalyzed  system,  the  interface  is  sharp  (limiting  slope  = 
-4).  For  both  systems,  the  surface  area  (SA)  was  calculated  from  the  invariant  and  the  magnitude 
of  the  scattering  in  the  limiting  high  Q  regime[12].  Assuming  independent  paniculate  fillers,  these 
surface  areas  give  particle  radii  Rp  listed  in  Table  1 .  These  radii  match  reasonably  with  those 
obtained  from  Guinier  anaiysis(log  I  vs  Q2)  in  the  regime  near  0.02A'1.  For  comparison  we  also 
: •'elude  the  average  chord  Rc  for  lines  passing  through  a  random  two-phase  system!  13).  The 
similarity  of  these  lengths  supports  the  assumption  of  independent  particles. 


60 


TABLE  I:  SURFACE  AREAS  AND  LENGTH  SCALES  (A) 

Rc  is  the  average  chord  calculated  from  the  surface  area  (SA),  Rp  is  the  panicle  radius,  calcu¬ 
lated  from  SA,  Rg  is  the  Guiltier  radius,  and  Rh  is  the  hard  sphere  radius  from  Rg. 


CATALYSIS  %  SILICA  SA(m2/gm)  Rc 

BASE  10  14  118 

ACID  24  39  71 

ACID  17 


Rp  Rg  Rh 

89  87  112 

53  57  74 
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The  upturn  in  the  data  below  O.OlA'1  signals  the  presence  of  long-range  structure.  In 
general  slopes  near  -4  are  observed  in  this  regime,  consistent  sharp  interfaces  with  no  evidence  of 
a  limiting  length-scale  below  lOOOA.  To  further  elucidate  the  relationship  between  this  large- 
scale  structure  and  the  lOOA  particulates,  we  studied  the  kinetics  of  the  glassy  phase  development 
by  in-situ  SANS  during  precipitation. 

Fig.  3  shows  the  time  development  of  the  glassy  phase  for  an  ammonia  vapor-catalyzed 
precipitation.  As  can  be  seen  in  data  taken  5  minutes  after  catalyst  introduction,  large  scale 
structure  is  present  in  the  swollen  networks  before  there  is  any  evidence  of  particulates.  The  par¬ 
ticulate  form  factor  develops  later  and  is  superimposed  on  the  large-scale  structure.  This  large- 
scale  structure  is  presumably  due  to  incompatibility  between  TEOS  polymerization  product  and 
PDMS  which  leads  to  microscopic  phase  separation  very  early  in  the  polymerization. 

It  is  interesting  to  note  that  the 
developing  particulates  in  Fig.  3  show  slopes 
of  -3.3  consistent  with  a  fractally  rough 
interface [14].  Rough  particulates  have 
previously  been  observed  by  Keefer  and 
Schaefer  for  base-catalyzed  solution- 
polymerized  TEOS[15].  When  the  sample  is 
dried,  a  limiting  slope  of  -4.4  is  found 
consistent  with  a  graded  interface.  It  should  be 
noted  that  the  data  for  dried  samples  in  the 
regime  0.005  A  'S  Q  £  0.1  A1  were  acquired 
by  SAXS  whereas  all  the  rest  of  the  data  were 
by  SANS.  With  one  exception  (Fig.  7), 
nevertheless,  we  have  never  observed  limiting 
slopes  between  -3  and  -4  for  any  dry  samples 
using  either  SAXS  or  SANS. 

Note  that  the  time  progression  in  Fig.  3 
does  not  follow  the  nucleation-and-growth  pat¬ 
tern  in  Fig.  1-C.  In  normal  surface-tension- 
driven  growth,  large  particles  grow  at  the 
expense  of  small.  For  in-situ  precipitation, 
however,  growth  is  limited  to  about  lOOA. 
Later  growth  occurs  by  nucleation  of  new 
particles  leading  to  the  time-development  seen 
in  Fig.  3.  Similar  behavior  is  reported  by  Gilliom,  Schaefer  and  Mark[16]  for  MCs  produced 
by  catalytic  hydrogenation  in  bulk  polybutadiene. 

Because  of  the  possibility  of  effects  due  to  leaching  of  the  TEOS  from  the  sample  during 
polymerization,  we  also  studied  thin  (,3mm)  samples  in  addition  to  the  3mm  samples  described 
above  which  have  a  visible  skin.  For  base-catalyzed  systems,  we  found  particulate  fillers  in  all 
cases,  whereas  for  acid-catalyzed  systems  we  occasionally  found  polymer-like  fillers,  particularly 
at  low  loading  and  in  thin  samples.  Fig.  4,  for  example,  shows  the  SAXS  data  for  an  acid-cat¬ 
alyzed  system  with  17%  filler.  The  limiting  slope  of  -2.8  is  consistent  with  a  branched  polymeric 
filler,  probably  an  interpenetrating  network.  In  solution,  alkoxides  ate  known  to  produce  poly¬ 
mer-like  clusters  in  acid  solution  due  to  a  growth  mechanism  called  reaction-limited  cluster 
aggregation^].  By  contrast,  polymerization  in  basic  systems  is  believed  to  proceed  by  reaction- 
limited  monomer-cluster  growth  which  leads  to  compact  panicles.  Of  course,  one  of  the  motiva¬ 
tions  for  our  work  was  to  exploit  these  different  classes  of  growth  to  control  the  morphology  of 
filler  phases.  Gearly,  however,  the  essential  controlling  factors  for  filled  systems  are  not  yet  to¬ 
tally  clear. 


Fig.  3.  In-situ  neutron  scattering  data  for 
ammonia  vapor  catalyzed  precipitation.  Dry 
sample  was  studied  3  months  after  the 
kinetic  runs. 
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Fig.  4.  SAXS  scattering  profile  for  a  thin 
sample  polymerized  under  acidic  conditions. 
Limiting  slope  of  -2.8  indicated  a 
non-particulate  filler  morphology. 
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Fig.  5.  Scattering  profile  for  silica  filled 
PDMS  showing  a  peak  characteristic  of 
spinodal  decomposition. 


In  a  few  samples,  we  observed(3]  a  peak  in  the  scattering  profiles  (Fig.  S)  consistent  with 
those  reported  by  Wilkes  et  al[  17]  for  "ceramers.’*  We  interpret  the  peak  to  be  the  remnant  of 
phase  separation  by  spinodal  decomposition.  Since  phase  incompatibility  usually  increases  dur¬ 
ing  polymerization]  18],  we  believe  that  crosslinking  of  the  glassy  phase  induces  phase  separation 
in  the  fluid  precursor.  The  resulting  spinodal  morphology  is  then  locked  in  place  by  "gelation"  of 
the  glassy  phase.  The  shape  of  the  curve  in  Fig.  5  is  very  close  to  that  found  in  simulations  of 
spinodal  decomposition  reported  by  Chakrabarti  etalU). 

It  is  interesting  to  note  that  the  material  in  Fig.  5  is  quite  brittle  showing  a  maximum  ex¬ 
tensibility  of  only  1.2.  We  believe  that  the  brittle  nature  of  the  material  as  well  as  the  peak  in  the 
scattering  profile  indicate  that  the  glassy  phase  is  continuous.  The  spinodal  process  is  known  to 
produce  bicontinuous  morphologies[9,  19]. 


POLYMER -TOUGHENED  GLASSES 

We  also  studied  glassy  sol-gel 
silicates  toughened  by  the  incorporation  of 
PDMS.  The  samples  studied  here  are  those 
previously  reported  by  Mark  and  Sun(20].  w 
These  materials  were  characterized  via  the  $} 
D-hardness  method.  Mark  and  Sun  found  UJ 
that  the  D-hardness  decreased  smoothly  5 
with  increasing  organic  content  as  shown  c 
in  Fig.  6.  The  materials  with  high  < 
organic/Si  ratio  have  mechanical  properties  X 
similar  to  the  reinforced  elastomers  Q 
discussed  above  whereas  those  with  D  » 

50  are  leathery. 

The  SAXS  profiles  of  the 
toughened  glasses  in  Fig.  7  reflect  a  variety 
of  structures.  For  low  silica-content 
glasses  (D  =  2  and  18),  there  is  evidence  of 
the  formation  of  a  spinodal-like  peak,  but 
the  limiting  slope  does  not  approach  -4 
indicating  that  the  short-scale  structure 
should  be  viewed  as  an  interpenetrating 
network,  rather  than  as  a  distinctly  separate 
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Fig.  6.  Hardness  as  a  function  of  organic 
content  for  polymer  toughened  silica  glasses. 
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phase.  At  higher  glass  content,  however, 
phase  separation  is  distinct  (slope  «  -4)  at 
the  100A  level.  The  SAXS  profile  for  the 
material  with  the  highest  glass  content  (D  = 
60)  is  flat  in  the  region  near  0.1  A1  This 
plateau  implies  composition  or  density 
fluctuations  on  very  short  scales  (<20A) 
beyond  the  limits  of  SAXS. 

All  of  the  toughened  samples  show 
evidence  of  structure  on  scales  exceeding 
SOOA.  The  limiting  slopes  of  about  -4  at 
small  Q  in  Fig.  7  are  consistent  with  large- 
scale  phase  separation  similar  to  that 
discussed  in  connection  with  reinforced 
elastomers.  To  establish  the  structure  of  the 
large-scale  domains,  we  studied  the  two 
extreme  materials  in  Fig.  7  using  the  high 
resolution  0-1 1  SANS  camera  at  die  Institut 
Laue-Langevin  in  Grenoble,  France.  The 
data,  presented  in  Fig.  8,  demonstrate  that 
the  large-scale  domains  are  similar  for  the 
two  materials.  Both  data  sets  are  consistent 


O(A-i) 

Fig.  7.  SAXS  data  for  the  series  of 
polymer-toughened  glasses  shown  in  Fig.  6. 


with  uniform  domains  with  a  Guinier  radius 

of  1500A.  The  flat  background  at  large  Q  in  Fig.  8  is  due  to  incoherent  scattering  so  data  in  this 
regime  cannot  be  directly  compared  with  the  SAXS  data  in  Fig.  7. 

We  conclude  that  hardness  for  toughened  glasses  is  determined  largely  by  organic  con¬ 
tent.  No  obvious  correlations  exist  between  the  hardness  and  observed  scattering  patterns. 
Large-scale  structure  is  independent  of  filler 


whereas  distinct  changes  in  intermediate 
structure  (100A)  are  found  as  a  function  of 
organic  content 


CONCLUSION 

The  morphological  tendencies 
observed  in  silica-filled  siloxanes  are  clearly 
dependent  on  synthetic  protocol.  Although 
particulate  fillers  are  the  rule,  we  can 
generate  both  polymeric  fillers  and 
particulates  with  varied  interfacial  properties 
ranging  from  fractally  rough  surfaces  to 
compositionally  graded  interfaces.  In 
general,  the  degree  of  filler  ramification 
follows  that  previously  observed  in  the 
solution  polymerization  of  alkoxides. 


o 


0.001  0.01 
Q(A-') 


Although  correlations  exist  between 
structure  and  mechanical  properties  for  filled 
elastomers(3],  no  clear  pattern  is  obvious 
for  the  rubber  toughened  glasses. 


Fig.  8.  High-resolution  SANS  data  for  two 
polymer-toughened  glasses.  The  Guinier 
radius  is  independent  of  hardness. 
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ABSTRACT 

Polydimethylsiloxane  (PDMS)  model  networks  reinforced  by  in  situ  precipitated 
SiO},  and  polymer-modified  silica  glasses  were  obtained  following  the  usual  sol-gel  meth¬ 
ods.  The  conditions  were  chosen  to  increase  the  probability  of  observing  inhomogeneities: 
(i)  bulky  samples,  and  (ii)  limited  reaction  times.  These  composites  were  characterized 
by  measuring  bulk  spin-lattice  (Tt)  and  spin-spin  (Ty)  relaxation  times  and  using  'H 
NMR  two-dimensional  Fourier  transform  (2DFT)  spin  echo  imaging  techniques.  The  Ti 
and  T3  maps  show  clear  and  significant  variations  of  NMR  signal  intensity  throughout 
the  sample  due  to  nonuniform  hydrolysis  of  the  tetraethylorthosilicate  (TEOS)  in  the 
specimens. 


INTRODUCTION 

The  search  for  materials  with  optimal  properties  for  specific  applications,  including 
new  pathways  for  their  synthesis  and  processing,  is  a  continuing  process.  Over  the  past 
20  years,  sol-gel  processes  have  been  extensively  studied  as  alternatives  to  the  existing 
preparation  methods  for  composites  [1,2].  The  ability  to  manipulate  the  composite  mi- 
crostructure  by  the  sol-gel  reaction  results  in  materials  with  improved  and  sometimes 
unexpected  physical  and  chemical  properties.  The  understanding  of  a  material's  behav¬ 
ior  requires  knowledge  of  how  the  properties  of  interest  depend  upon  its  chemical  com¬ 
position  and  molecular  structure.  Nuclear  magnetic  resonance  (NMR)  spectroscopy  is 
very  sensitive  to  both  the  chemical  composition  and  the  structure  of  a  substance.  These 
material  properties  are  reflected  in  the  chemical  shift  spectrum  as  well  as  in  the  NMR 
relaxation  parameters.  NMR  imaging  techniques  |3-11],  by  producing  visual  pictures 
of  the  spatial  variation  of  selected  NMR  properties,  offer  the  possibility  of  selectively 
mapping  the  distribution  of  particular  chemical  species  in  a  region  of  interest.  Moreover, 
NMR  imaging  can  also  provide  spatial  information  about  changes  in  NMR  properties 
that  can  be  correlated  with  alterations  in  molecular  structure  and  dynamics. 

The  aim  of  this  work  is  to  develop  NMR  imaging  techniques  for  the  characterization  of 
sol-gel  prepared  organic-inorganic  composites  by  mapping  the  organic  phase  distribution 
and  the  degree  of  alkoxide  hydrolysis.  We  have  obtained  'H  NMR  images  of  intention¬ 
ally  heterogeneous  polydimethylsiloxane  (PDMS)  model  networks  reinforced  by  in  situ 
precipitated  silica  (SiOj)  and  polymer- modified  silica  glasses.  In  these  images  the  vari¬ 
ations  in  NMR  signal  intensity  between  different  regions  in  the  sample  (image  contrast) 
are  a  function  of  proton  density,  spin-lattice  (Ti)  and  spin-spin  (Ti)  relaxation  times. 
Such  maps  of  NMR  parameters  provide  a  measure  of  the  molecular  mobility,  which  can 
in  turn  be  related  to  the  spatial  variation  of  the  relationship  between  the  organic  and 
inorganic  phases  throughout  the  specimen. 

Mtt.  Mss.  See.  Symp  Proc.  Vot.  171.  *  1M0  Materials  Research  Society 


66 


EXPERIMENTAL 

Preparation  of  reinforced  PDMS  model  networks. 

PDMS  model  networks  were  prepared  by  end-linking  reaction  of  dihydroxyl-termina- 
ted  PDMS  chains  having  a  number  average  molecular  weight,  M„,  of  4,200  g  mol-1 
with  tetraethylorthosilicate  (TEOS)  in  the  usual  manner  [12].  The  networks  obtained, 
cyclindrical  pieces  20  mm  in  diameter  and  9  mm  in  height,  were  swollen  at  equilibrium 
in  TEOS  (which  correspond  to  a  volume  fraction  of  polymer  of  0.70).  Each  swollen 
sample  was  then  immersed  in  aqueous  solution  of  CF3COOH  at  5  percent  w/w  for  15 
to  120  min.  The  acidic  catalyst  was  chosen  because  of  its  high  efficiency  to  hydrolyze 
TEOS  [13].  The  samples  were  dried  under  vacuum  to  constant  weight.  The  increase  in 
dry  weight  gave  the  amount  of  SiOj  precipitated  within  the  sample  in  the  elapsed  time 
(see  Table  I).  The  large  sample  size  and  the  short  hydrolysis  time  assure  inhomogeneous 
specimens. 


Preparation  of  polymer-modified  silica  glasses. 

The  polymer-modified  silica  glasses  studied  in  this  work  were  prepared  as  described 
elsewhere  [14].  Briefly,  the  functionality  of  divinyi-terminated  PDMS  was  greatly  in¬ 
creased  by  a  substitution  reaction  to  give  PDMS  with  triethosilyl  chain  ends  [15).  Sam¬ 
ples  having  M„  of  720  and  17,600  g  mol-1,  and  mixtures  thereof,  were  added  to  TEOS 
or  related  silane.  The  functionalized  PDMS/silane  mixtures  were  hydrolyzed  in  aqueous 
solutions  of  acetic  acid  following  the  usual  sol-gel  procedures. 


Instrumentation  and  techniques. 

All  NMR  measurements  were  performed  in  a  Bruker  MSL  400  spectrometer/imager 
equipped  with  an  Oxford  9.4  T  (proton  frequency  at  400.13  MHz)  8.9  cm  vertical  bore 
superconducting  magnet.  The  RF  coils  used  are  saddle  type  with  diameters  ranging 
from  10  to  30  mm  and  their  longitudinal  axis  parallel  to  the  static  magnetic  field.  The 
pulsed  gradient  amplitudes  in  the  imaging  experiments  varied  between  4  and  40  G  cm-1. 

Bulk  T!  and  T2  measurements  were  carried  out  using  inversion  recovery  and  spin 
echo  sequences,  respectively.  The  results  are  shown  in  Table  I.  The  inversion  time  in  the 
IR  sequence  was  varied  between  0  and  10  s.  The  echo  time  (TE,  time  between  the  90° 
RF  pulse  and  the  center  of  the  echo)  in  the  spin  echo  sequence  ranged  from  0.2  to  300 
ms.  The  repetition  time,  TR,  was  10  s  in  both  cases,  more  than  five  times  T(. 

‘H  NMR  images  of  the  reinforced  networks  and  modified  glasses  were  obtained  using 
two-dimensional  Fourier  transform  (2DFT)  spin  echo  techniques  with  TEs  on  the  order 
of  3  to  20  ms.  The  selective  excitation  of  a  slice  throughout  the  sample  500  fj.m  thick 
was  achieved  with  a  1  ms  wide  sine-function  amplitude  modulated  RF  pulse.  The  pulse 
sequence  TR  was  typically  3s.  The  total  imaging  time  varied  between  25.6  and  76. 8  min. 
The  digital  resolution  was  128X  by  128Y  pixels  ranging  from  65  to  200  /rm  in  both  axes. 
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Table  I: 


Amount  of  silica,  Ti  and  Tj  values  of  reinforced 
PDMS  model  networks 


Sample 

ref. 

Hydrolysis 
time  (min) 

SiOj 
(%  w/w) 

T, 

(■) 

Tj,° 

(ms) 

f.‘ 

TV 

(ms) 

i 

120 

4.7 

1.26 

0.86 

0.968 

106.3 

2 

90 

- 

1.19 

0.86 

0.965 

68.6 

3 

60 

4.6 

1.21 

0.81 

0.970 

74.4 

4 

45 

4.2 

1.23 

0.82 

0.966 

51.6 

5 

30 

2.4 

— 

0.84 

0.967 

113.7 

6 

15 

1.9 

1.24 

0.79 

0.962 

220.7 

“  Spin-spin  relaxation  time  of  the  major  component. 

k  Fraction  of  major  component  contributing  to  the  NMR  signal  (/,  +  f\  =  1). 

'  Spin-spin  relaxation  time  of  the  minor  component. 

RESULTS  AND  DISCUSSION 

The  T,  data  was  analyzed  assuming  the  presence  of  only  one  component  (a  mo- 
noexponentiai  function).  The  agreement  found  between  the  theoretical  curves  and  the 
experimental  results  was  very  good.  As  shown  n.  Table  I,  Ti  does  not  depend  signifi¬ 
cantly  on  the  time  allowed  for  the  hydrolysis  of  TEOS  (increasing  amount  of  SiOj).  The 
NMR  spin-lattice  relaxation  mechanism  is  apparently  not  affected  by  the  presence  of 
silica  and  the  Ti  values  obtained  are  similar  to  those  of  unfilled  PDMS  model  networks 
with  molecular  weight  between  crosslinks,  Mc,  between  3,700  and  18,000  g  mol"'  |16). 

The  analysis  of  the  T2  data  is  more  complex.  An  apparent  two  component  model 
gives  the  best  fit  to  the  experimental  results.  The  values  thus  obtained  are  shown  in 
Table  I.  This  may  be  interpreted  as  the  result  of  two  contributions  to  the  NMR  signal,  one 
from  a  major  fraction  of  material  attributed  to  the  PDMS  chains  forming  the  network 
and  the  other,  most  likely,  from  the  ethyl  groups  in  partially  hydrolyzed  TEOS.  The 
Tj  values  of  the  major  component  agree  very  well  with  the  results  obtained  for  unfilled 
PDMS  model  networks  (16).  The  Tj  of  the  minor  component  (3  to  4  percent)  varies 
with  the  hydrolysis  time  of  TEOS.  It  is  known  that  TEOS  lent  to  form  polymeric  chains 
when  the  hydrolysis  reaction  is  catalyzed  by  acids  (17).  Therefore,  it  is  possible  to  have 
TEOS  polymer  with  ethoxyl  and  hydroxyl  side  groups  in  various  proportions.  Their 
relative  contribution  to  the  NMR  signal  is  uncertain  at  this  point  and  further  ongoing 
experiments  might  clarify  it. 

The  complexity  of  the  process  is  clearly  manifested  by  the  'll  NMR  imaging  ex¬ 
periments.  Figure  1  shows  two  images,  along  its  longitudinal  axis,  of  a  PDMS  model 
network  (sample  #  6  in  Table  I)  obtained  with  a  two  dimensional  spin  echo  sequence 
having  TE  of  3.3  (A)  and  22.7  (B)  ms.  The  rest  of  the  experimental  conditions  were  the 
same  for  both  images.  The  heterogeneity  of  the  sample  is  readily  apparent.  Thb  dark 
rim  around  the  sample  in  Figure  1  A  may  indicate  the  reduced  mobility  of  the  network 
chains  in  this  region  compared  to  that  in  the  sample  core,  probably  because  of  a  high 
concentration  of  SiOj.  The  availability  of  water  and  catalyst  in  the  sample  periphery 
might  be  the  reason  for  the  observed  difference.  At  long  TE  the  PDMS  chains  do  not 
contribute  to  the  echo  (16]  and  only  material  with  high  molecular  mobility,  i.e,  oligomers 


Figure  1.  ‘H  NMR  images  of  the  sample  #  6  obtained  with  a  two  dimensional  spin 
echo  sequence  having  a  TE  of  3.3  (A)  and  22.7  (B)  ms.  TR  was  3  s  in  both 
cases.  Selective  excitation  was  used  to  define  a  500  /im  slice  thickness  in  the 
sample  axial  plane.  The  resolution  is  128X  by  128Y  pixels  of  180  and  200 
/cm,  respectively.  The  time  required  to  acquire  the  data  for  each  image  was 
25.6  min.  The  dark  rim  at  the  edge  of  the  sample  may  indicate  a  reduced 
molecular  mobility  of  the  network  chains  due  to  the  presence  of  Si02. 

from  partial  TEOS  hydrolysis,  is  visible  to  the  NMR  experiment.  A  significant  change 
in  the  NMR  images  with  short  TE  is  not  observed  with  increasing  hydrolysis  time. 
However,  Tj-weighted  images  (long  TE)  show  some  variations  in  signal  intensity.  Figure 
2  shows  two  images  (A  and  B)  of  sample  #  4  obtained  with  the  same  conditions  as 
Figures  1  A  and  B,  respectively.  As  mentioned  above,  CFjCOOH  is  a  very  efficient 
catalyst  in  promoting  the  TEOS  hydrolysis.  Therefore,  changes  at  the  edges  of  the 
sample  will  occur  relatively  fast  while  at  the  center  those  changes  are  controlled  by  the 


Figure  2.  Axial  'H  NMR  images  of  sample  #  3.  Both  images,  Figures  A  and  B, 
were  taken  with  the  same  experimental  conditions  as  for  Figures  1  A  and  B, 
reaper  lively.  A  significant  variation  of  NMR  signal  intensity  in  Figure  2  B 
(Tj-weighted  image)  is  observed  when  compared  to  that  of  Figure  1  B. 


i 
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Figure  3.  On  the  left  (A)  is  shown  the  1 H  NMR  image  of  a  modified  silica  glass 
which  corresponds  approximately  to  the  cross-sectional  photograph  displayed 
on  the  right  (B).  A  pulse  sequence  similar  to  that  described  in  the  previous 
figures  was  used.  TE  was  changed  to  3.0  ms.  The  resolution  is  128X  by  128Y 
pixels  of  110  pm  in  both  axes.  The  total  imaging  time  was  76.8  min. 

diffusion  rates  of  the  water  and  catalyst  in  the  swollen  rubber. 

As  a  part  of  the  characterization  of  silica-silicone  composites  by  NMR  imaging,  we 
are  currently  investigating  polymer-modified  silica  glasses.  Figure  3  B  shows  a  photo¬ 
graph  of  the  sample  section  of  a  modified  glass  which  corresponds  approximately  to  the 
NMR  image  shown  in  Figure  3  A.  There  is  a  correlation  between  the  visual  appearence 
and  the  NMR  experiment.  Heterogeneities  are  visible  in  the  latter  but,  as  in  the  case  of 
reinforced  PDMS  rubbers,  more  detailed  understanding  requires  further  studies. 


CONCLUSIONS 

Our  results  demonstrate  that  proton  magnetic  resonance  imaging  is  capable  of  reveal¬ 
ing  inhomogeneities  in  in  situ  precipitated  SiOj-filled  PDMS  networks  and  in  polymer- 
modified  silica  glasses,  at  least  when  relatively  short  reaction  times  and  thick  sections 
are  employed.  The  contrast  between  different  regions  is  highlighted  with  T2-weighted 
imaging  pulse  sequences,  suggesting  that  the  underlying  variations  seen  in  the  images 
may  be  closely  related  to  variations  in  the  mobility  of  the  network  segments.  In  the 
case  of  the  filled  networks  there  is  a  clear,  if  nonmonotonic,  progression  of  spin-spin 
relaxation  time  values  of  the  long  T2  component  with  hydrolysis  time;  T,  values  are 
constant.  We  suggest  a  variation  in  ethyl  group  concentration  in  partially  hydrolyzed 
TEOS  as  a  possible  source  of  this  long  T2  signal. 

Additional  investigations  into  the  molecular  nature  of  the  spatial  inhomogeneities 
seen  in  the  composite  networks  and  glasses  are  required  for  a  more  complete  under¬ 
standing  of  these  materials.  Destructive  analysis  such  as  electron  microscopy  or  local 
measurements  of  specific  gravity  could  be  used  to  validate  these  NMR  results,  as  well  as 
sid  in  further  elucidation  of  the  origin  of  the  T2  variations.  We  are  currently  pursuing 
■hese  and  other  avenues.  However,  it  is  clear  that  NMR  imaging  will  be  extremely  use- 
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ful  as  a  nondestructive  tool  for  monitoring  the  uniformity  of  these  and  other  synthetic 
materials  and  for  learning  about  the  details  of  spatially  varying  chemistry. 
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ABSTRACT 

High  molecular  weight  water-soluble  polymers  are  usually  supplied  in  the 
form  of  water- in-oil  emulsions  which  have  advantages  of  low  viscosity  and  easy 
storage  and  dissolution.  Most  uses  in  water  treatment,  flocculation,  paper 
manufacture  or  mining  fields  require  polymer  latexes  formed  of  finely  dipersed 
particles.  Polymerization  in  reverse  micelles  or  microemulsions  appears  to  be 
an  attractive  technique  because  it  can  lead,  under  appropriate  formulations, 
to  high  molecular  weight  polymers  entrapped  within  small-sized  stable 
particles.  The  main  characteristics  and  properties  of  the  latexes  and  polymers 
formed  by  this  process  are  described. 


INTRODUCTION 

Polymerization  of  water-soluble  monomers  in  hydrocarbon  fluids  has 
attracted  a  renewed  interest  over  the  past  decade,  owing  to  the  suitability  of 
the  process  for  producing  high  molecular  weight  polymers  at  high  reaction 
rates.  In  this  process,  a  water-soluble  monomer  (usually  in  aqueous  solution) 
is  emulsified  in  a  continuous  oil  medium  using  a  water- in-oil  emulsifier. 
Polymerization  can  be  initiated  with  either  oil  -or  -water-soluble  initiators. 
The  product  is  a  dispersion  of  fine  particles  of  an  aqueous  high  polymer 
solution  which  can  be  easily  inverted  into  water  so  that  the  water-swollen 
polymer  particles  dissolve  rapidly,  contrary  to  solid-powder  which  forms  gels 
or  aggregates  when  added  to  water.  These  high  viscosity  polymer  solutions  find 
applications  in  water -treatment,  flocculation  of  colloidal  suspensions, 
tertiary  oil  recovery  as  pushing  fluids,  fines  retention  in  paper 
manufacturing  etc  [1].  Inverse  emulsion  polymerization  has  been  far  less 
investigated  than  conventional  (i.e.  aqueous)  emulsion  polymerization.  Apart 
from  a  large  number  of  patents ,  there  have  been  few  fundamental  studies .  The 
pioneering  work  is  due  to  Vanderhoff  et  al  [2]  who  studied  in  1962  the 
polymerization  of  sodium- p- vinyl  benzene  sulphonate  in  xylene.  More  recently, 
polymerization  processes  in  different  inverse  colloidal  systems,  i.e. 
suspension  [3],  microsuspension  [4,5],  dispersion  [6],  and  emulsion  17-12] 
have  been  described  in  the  literature. 

In  general,  the  problems  of  latex  stability  are  more  severe  than  for 
aqueous  latexes,  due  to  the  absence  of  electrostatic  forces  between  particles, 
and  to  the  large  difference  in  density  between  the  organic  continuous  medium 
and  the  polymer  core.  This  led  us  in  the  past  years  to  investigate  the 
possibilities  offered  by  a  polymerization  reaction  proceeding  in  a 
thermodynamically  stable  microemulsion  rather  than  in  an  emulsion. 
Microemulsions  are  water-oil  colloidal  dispersions  stabilized  by  an 
appropriate  mixture  of  surface-active  agents.  While  inverse  emulsions  are 
unstable,  turbid  and  consist  basically  of  two  populations  with  a  broad 
particle  size  distribution  (fig.l  ),  microeraulsions  are  thermodynamically 
stable  and  can  adopt  a  large  variety  of  labile  structural  organizations.  The 
small  size  of  the  domains  explains  their  optical  transparency  [13].  In  the 
oil-rich  regions,  they  are  formed  of  water-swollen  spherical  droplets  of 
uniform  and  small  size  (d  «  6  nm)  dispersed  in  the  oil  medium  (fig. 2a).  When 
the  amount  of  the  aqueous  phase  tends  to  be  of  the  same  order  of  magnitude  as 
that  of  the  organic  phase,  the  description  generally  given  is  that  of  a 
bicontinuous  structure  formed  of  randomly  interconnected  oily  and  aqueous 
domains  [14,15],  with  the  surfactant  molecules  located  at  the  interface 
(fig. 2b).  It  should  be  noted  that  the  formation  of  a  microemulsion  requires  a 
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Figure  1  :  Schematic  representation  of  an  inverse  emulsion 


a)  b) 


figure  2  :  Schematic  representation  of  a  microemulsion 

a)  inverse  globular  structure 

b)  blcontlnuous  structure 

minimum  amount  of  surfactant  of  around  10%,  imposed  by  the  surface  coverage  of 
the  small  domains  while  somewhat  smaller  amounts  are  sufficient  for  an 
emulsion. 

The  microemulsion  polymerization  of  various  water-soluble  monomers, 
mostly  used  in  industrial  applications,  has  been  investigated.  In  this  paper, 
we  report  the  main  characteristics  and  properties  of  the  latexes  and  polymers 
formed  by  this  process. 

STRUCTURE  OF  OIL/(WATER+MONOMER) /SURFACTANT  MICROEMULSIONS 

The  choice  of  the  system  to  be  polymerized  is  of  critical  importance, 
since  it  controls  the  properties  of  the  resultant  latexes.  Water-soluble 
monomers  such  as  acrylamide  (AM),  were  polymerized  either  inside  water-swollen 
micelles  (d  -  6.10'5  pm)  stabilized  with  an  ionic  surfactant,  aerosol  OT, 
(sodium  1,4-bis  (2  ethylhexyl)sulfosuccinate)  (16)  or  in  nonionic 
microemulsions  [17-19].  The  latter  systems  have  proven  to  be  the  most 
effective,  as  they  can  Incorporate  up  to  25%  monomer  still  remaining  stable. 

The  addition  of  monomer  to  the  microemulsion  produces  a  considerable 
extension  of  the  microemulsion  domain  in  the  phase  diagram.  This  was 
interpreted  as  a  cosurfactant  effect  of  the  monomer  which  preferentially 
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locates  at  the  w/o  Interface  (16, 18, 19 J.  The  presence  of  monomer  molecules 
between  the  surfactant  molecules  Increases  both  the  flexibility  and  the 
fluidity  of  the  Interface,  resulting  In  a  change  of  its  curvature.  Eventually, 
when  the  radius  of  curvature  becomes  very  large  the  globular  configuration 
converts  Into  a  bicontinuous  structure.  The  latter  structure  is  favoured  by 
addition  of  monomers  producing  a  saltlng-out  of  the  nonionic  ethoxylated 
surfactants.  This  is  the  case  of  sodium  acrylate  (NaA)  [16]  or 
methacryloyloxyethyltrimethylammonium  chloride  (MADQUAT)  [20], 

In  the  case  of  AOT  systems,  there  is  no  clear  evidence  of  a  globular  -» 
bi_continuous  transition.  However,  under  certain  conditions,  addition  of 
acrylamide  induces  sharp  rises  in  conductivity,  indicative  of  the  formation  of 
transient  conducting  water  channels  from  particle  to  particle  which  were 
attributed  to  a  percolation  process  [21] . 

A  typical  polymerization  recipe  is  the  following  :  cyclohexane  :  37.5%  ; 
MADQUAT  :  25%  ;  water  :  25%  ;  nonionic  surfactants  (Arlacel  83  +  Tween  80  ; 
HLB  -  12.9)  :  12.5%. 


POLYMERS  PREPARED  IN  MICROEMULSIONS 

The  control  of  molecular  weight  of  the  final  polymer  is  of  paramount 
importance  since  most  applications  require  ultra-high  molecular  masses.  The 
polymer  molecular  weight  has  been  determined  from  viscometry  experiments  In 
aqueous  solutions,  using  the  Mark-Houwlnk  relationship  [16,22],  or  from  static 
light  scattering  (23].  Various  parameters  control  the  molecular  weight.  The 
production  of  high  molecular  weights  (104-107)  is  achieved  by  polymerization 
at  lower  temperature  and  at  high  (monomer)/surfactant  levels  (fig. 3)  [22,23], 

The  properties  of  poly (acrylamide -Co -acrylates)  prepared  in  nonionic 
mlcroemulslons  have  been  studied  by  means  of  several  techniques  [26,25].  The 
free  radical  eopolymerization  of  acrylamide  with  ionogenlc  monomers  is 
strongly  Influenced  by  the  microenvironment,  A  1 5 C  NMR  study  performed  on 
poly(acrylamide-co-acrylates)  prepared  in  mlcroemulslons  confirmed  the 
influence  of  the  reaction  medium.  The  average  copolymer  composition  was  found 
to  be  independent  of  the  degree  of  conversion,  also  the  sequence  monomer 
distribution  analyzed  from  triad  proportions,  conforms  to  Bernouillan 
statistics.  The  reactivity  ratios  of  both  monomers  are  therefore  close  to 
unity,  contrary  to  the  literature  values  reported  for  copolymers  prepared  in 
solution  (r,  «  0.3,  r_  -  1)  (26].  As  the  local  monomer  concentration  is  much 
higher  in  a  mlcroemulslon  5  M)  than  in  a  solution  (“  1  M),  this  could 
produce  an  increased  screening  of  the  carboxylate  groups  by  sodium  ions.  The 
observed  increase  in  the  reactivity  parameter  of  sodium  acrylate  in  the 
mlcroemulslon  (rA  “  1)  is  consistent  with  this  expectation. 

The  copolymers  exhibit  high  intrinsic  viscosities  in  aqueous  solutions 
(up  to  3700  cm5/g)  with  maximum  around  40  mol%  acrylate  content  due  to  a 
superimposition  of  electrostatic  effects  and  of  intramolecular  bonds. 


STRUCTURAL  PROPERTIES  OF  LATEXES 

The  inverse  latexes  formed  after  polymerization  are  clear,  fluid  and 
highly  stable  with  no  apparent  settling.  A  common  feature,  found  in  all 
experiments,  is  that  the  final  system  alvays  consists  of  an  uniform  dispersion 
of  spherical  latex  particles,  regardless  of  the  structure  of  the  starting 
system  (globular  or  bicontinuous) ,  This  can  be  accounted  for  by  the  internal 
dynamics  of  mlcroemulslons  which  are  constantly  rearranging  on  the  time-scale 
of  microseconds.  The  size  of  the  latex  particles  has  been  determined  by  quasi - 
elastic  light  scattering  (QELS)  and  electron  microscopy  (EM)  experiments.  Both 
techniques  require  an  examination  with  dilute  samples,  which,  in  turn,  Implies 
that  the  structure  and  the  particle  size  are  not  affected  by  the  dilution 
process.  One  thousandfold  dilution  and  the  drying  process  used  in  EM  for  the 
water-swollen  polymer  particles  dispersed  in  oil  can  introduce  artefacts.  A 
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Figure  3  :  Variation  of  the  molecular  weight  of  polyMADQUAT  with  the  MADQ'JAT 
over  surfactant  ratio  (wt/wt)  in  the  initial  microemulsion  (from 
ref. 23). 
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Figure  l*  :  Variation  of  the  hydrodynamic  diameter  of  the  latex  particle 
with  the  MADQUAT  over  aurfactant  ratio  (wt/wt)  in  the  initial 
mlcroemulslon  (from  ref. 23). 
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flattening  of  the  particles  has  indeed  been  observed  in  some  cases  (21]. 

In  the  case  of  AOT  micellar  systems,  one  observes  a  notable  increase  of 
the  particle  size  during  the  polymerization  so  that  each  final  latex  particle 
is  the  result  of  the  fusion  of  around  a  hundred  initial  micelles  [16J.  The 
particle  size  ranges  typically  between  30  nm  and  120  nm  depending  upon  the 
experimental  conditions;  it  augments  upon  increasing  monomer  content  or 
decreasing  surfactant  concentration  (fig. 4)  [22,23]. 

From  the  value  of  the  average  diameter  of  the  dry  polymer  particle  and 
that  of  the  polymer  molecular  weight,  one  can  estimate  the  number  of 
macromolecules,  Np  ,  contained  in  a  particle.  Calculations  give  extremely  low 
values  of  Np ,  around  1  or  2,  in  contrast  with  what  is  usually  found  in 
emulsion  polymerization,  where  thousands  of  chains  are  commonly  observed.  This 
result  was  supported  by  a  thorough  mechanistic  study  performed  on  AOT  systems 
[21,27,28]  where  a  continuous  particle  nucleation  was  shown  to  occur  all 
throughout  the  reaction  and  not  only  at  the  very  early  stages  as  is  the  case 
in  emulsion  polymerization.  The  high  molecular  weight  polymeric  chain  must  be 
strongly  collapsed  since  it  is  entrapped  within  a  water-swollen  particle  of 
small  size  (d  <  100  nm) .  For  comparison,  the  radius  of  gyration  of  a  5.106 
molecular  weight  polyMADQUAT  is  around  160  nm.  The  water  in  the  particle  core 
acts  here  more  as  a  plasticiser  than  as  a  solvent  for  the  polymer. 

These  inverse  microlatexes  provide  interesting  models  for  rheological 
studies  [29] .  They  differ  from  the  more  conventional  aqueous  or  nonaqueous 
colloidal  dispersions  by  a  lower  particle  size  and  by  a  large  swelling  of  the 
particles  (e.g.  50%  water,  50%  polymer).  In  addition,  the  process  permits  to 
attain  large  volume  fractions  of  the  disperse  phase  (up  to  60%)  and  thus  to 
accurately  characterize  the  latex  rheological  behavior. 

Figure  5  shows  an  example  of  the  variation  of  the  relative  viscosity 
with  the  shear  stress  for  a  typical  latex.  Qualitatively,  one  has  the  usual 
behavior  observed  for  colloidal  dispersions,  that  is  a  Newtonian  behavior  at 
low  volume  fractions  and  a  shear- thinning  effect  for  the  largest  volume 
fractions  investigated. 

However,  the  shear- thinning  effect  occurs  at  volume  fractions  much  higher 
than  those  observed  for  conventional  latexes  (50-53%  as  against  25%).  A 
possible  explanation  is  deformablllty  of  the  microspheres  due  to  the  low 
interfacial  tension  and  to  the  high  water  content  of  the  dispersed  phase.  The 
full  lines  in  Figure  5  represent  the  best  fit  of  the  well-known  Williamson 
equation  [30]  [n  -  n  +  (nrQ  -  ffrm)/(l  +  °/am)  where  »?r0  and  r,fm  are  the  low 
shear  and  high  snear  limiting  relative  viscosities  and  o%  the  shear  stress  for 
which  -  (»?rQ  +  *?r.)/2)]  to  the  experimental  data. 

We  have  determined  the  intrinsic  viscosity  l»j]  and  the  close-packing 
volume  fraction  <pm  of  a  series  of  copolymer  latexes  containing  various 
contents  of  sodium  acrylate,  by  using  the  Krieger- Dougherty  equation  [31] 

lr  -  (1  - 

A  value  of  -  2.5  la  found  for  ( ij J  In  good  agreement  with  was  Is  obtained  for 
bard  spheres  suspensions.  The  data  shows  that  <pm  decreases  when  Increasing  the 
percentage  of  electrically  charged  sodium  acrylate  In  the  comonomer  feed.  For 
Instance,  <em  la  around  59%  for  a  sodium  acrylate  concentration  of  12%.  This 
value  Is  significantly  lower  than  that  of  66%  predicted  for  a  random  packing 
of  hard  spheres.  On  the  other  hand,  other  experiments  performed  on  neutral 
polyacrylamide  latexes  have  given  values  of  around  66%.  The  divergence  of 
viscosity  which  occurs  at  smaller  characteristic  volume  fractions  for 
poly(acrylamlde-co-acrylates)  latexes  Is  probably  due  to  the  effect  of 
electrical  charges  in  the  system,  which  prevent  particles  from  approaching  too 
closely  to  each  other.  Rheological  studies  on  other  ionogenlc  monomers  are  in 
progress  to  check  this  hypothesis. 
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Figure  5  :  Variation  of  the  relative  viscosity  with  shear  stress  for  a 
poly ( acrylamide -co- sodium  acrylate)  latex  containing  9.10%  sodium 
acrylate  (wt/wt)  and  with  a  particle  size  of  62  nm  [29). 

A  :  0.35  ;  0  :  <p  -  0.94  ;  ▼  :  ^  —  0.68  ;  4  :  —  0.52  ;  •  :  <p  — 

0.55. 


APPLICATIONS  OF  MICROLATEXES  AND  POLYMERS 

Polymerization  In  Inverse  mlcroeaulsions  overcomes  some  of  the 
problems  classically  encountered  In  emulsions  and  provides  a  novel  technique 
for  the  production  of  high  molecular  weight  water-soluble  polymers.  The  main 
advantages  are  the  low  viscosity  and  high  stability  of  the  microlatex  formed. 
The  small  particle  size  prevents  flocculation  since  gravity  forces  are 
reduced.  The  large  number  of  micelles  contained  In  microemulsions  compared  to 
that  In  emulsions  contributes  to  the  formation  of  high  degrees  of 
polymerization  (DP  a  N) .  Also,  the  microlatex  Is  self- inverting  so  that  no 
additional  surfactant  Is  needed  to  promote  Its  inversion.  With  respect  to  the 
economical  aspect,  the  main  drawback  of  the  process  Is  the  rather  expensive 
formulation  (high  surfactant  concentration).  This  Is  partially  balanced  by  the 
very  high  rate  of  polymerization  due  to  the  great  number  of  micelles,  loci  of 
Che  polymerization.  Total  conversions  are  usually  achieved  In  a  few  minutes 
compared  with  hours  In  the  usual  process . 

Most  of  the  applications  described  for  water-soluble  polymers  prepared  in 
water-oil  emulsions  can  in  principle  be  extended  to  the  inverse  mlcroemulston 
polymerization  process  and  several  patents  have  recently  been  Issued  [32-35]. 
For  example,  Inverse  microlatexes  can  be  used  after  dilution  to  water  to  form 
thickened  solutions  for  improving  the  production  of  oil  fields.  They  have 
advantages  with  respect  to  conventional  latexes,  as  a  result  of  their  lower 
particle  size,  their  lower  degree  of  polydlsperslty  and  their  great  stability. 
They  result  In  a  better  scavenging  of  the  oil  formation  and  thus  in  a  more 
efficient  oil  recovery. 
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Most  uses  in  the  paper  manufacture,  water  treatment  and  mining  fields 
are  based  on  the  ability  of  water-soluble  polymers  such  as  polyacrylamides  to 
flocculate  solids  in  aqueous  suspensions  [1J.  Small  mineral  or  pigment 
particles  settle  very  slowly  and  are  difficult  to  eliminate  or  recover. 
Addition  of  charged  polyacrylamides  permits  them  to  agglomerate.  The  ultra- 
high  molecular  weight  polymers  produced  in  the  microemulsion  process  can  be 
very  effective  in  connecting  together  the  small  particles  through  bridging  or 
charge  neutralization.  Moreover,  classical  polyacrylamide  emulsions  are 
subjected  to  rapid  changes  in  temperature  (in  winter  time)  which  cause  them  to 
coagulate  rather  than  remain  finely  dispersed  particles.  This  reduces 
drastically  their  usefulness  as  flocculants.  Inverse  microlatexes  exhibit 
excellent  freeze-thaw  properties  and  contain  finely  divided  polymer  particles 
(“  one  polymer  chain  in  a  low  size  particle)  which  should  insure  a  higher 
activity. 

Other  applications  include  surface  coatings,  adhesives,  photographic 
emulsions,  lubricating  and  cleaning  drains,  retention  aid  in  paper  making  and 
food  processing.  Finally,  the  low  viscosity  and  good  stability  of  microlatexes 
can  be  useful  for  assembling  glass  fibers. 
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POLYMER-DERIVED  Si3N4/BN  COMPOSITES 

Wavde  R.  Schmidt* .  William  J.  Hurley,  Jr*.,  Vijay  Sukumar* ,  Robert  H.  Doremus1, 
and  Leonard  V.  Interrante^,  Departments  of  *  Materials  Engineering  and 
^Chemistry,  Rensselaer  Polytechnic  Institute,  Troy,  NY  12180-3390. 

ABSTRACT 

Partially  crystalline  silicon  nitride,  with  a  specific  surface  area  greater 
than  200  m2/g,  is  obtained  by  the  pyrolysis  of  an  organomeiallic,  polymeric 
precursor  under  NH3  to  1000  °C.  Additional  heating  to  1400  °C  under  N2  produces 
alpha-Si3N4.  The  addition  of  up  to  13%  h-BN  was  found  to  affect  the  coarsening 
characteristics  of  amorphous  silicon  nitride  by  promoting  surface  area  reduction 
and  suppressing  crystallinity.  By  combining  Si3N4  and  BN  molecular  and 
polymeric  precursors  prior  to  ceramic  conversion,  or  incorporating  Si,  N.  and  B 

into  a  single  preceramic  polymer,  the  relative  proportion  and  crystallinity  of  the 
ceramic  phases  can  be  controlled  in  the  resulting  Si3N4/BN  composites. 

INTRODUCTION 

Silicon  nitride  has  a  unique  combination  of  properties  which  makes  it  an 
important  material  for  high  temperature  and  electronic  applications.  In  addition 
to  its  resistance  to  thermal  shock,  creep,  corrosion,  and  oxidation,  dense  Si3N4  has 
high  electrical  resistivity,  a  low  coefficient  of  thermal  expansion,  low  density,  and 
good  high  temperature  strength.  These  attributes  are  exemplified  by  the  use  of 
Si3 N 4  as  crucibles,  turbine  blades,  nozzles,  tiles,  bearings,  cutting  tools,  and 

electronic  components. 

Boron  nitride  is  another  useful  material  for  high  temperature  and 

electronic  applications  due  to  its  high  melting  point,  low  density,  low  coefficient 

of  thermal  expansion,  and  resistance  to  oxidation  up  to  1000  °C.  BN  is  also 
transparent  over  a  large  spectral  range  and  is  often  used  as  a  boron  diffusion 
source,  a  surface  passivator,  or  a  solid  lubricant. 

A  composite  consisting  of  homogeneously  dispersed  BN  in  a  Si3N4  matrix 
may  exhibit  beneficial  properties  of  both  components.  To  date  however,  limited 
research  has  been  reported  on  such  a  material.  Past  work  with  Si3N4/BN 

composites  has  concentrated  on  their  preparation  by  CVD  and  CVI  techniques  [1- 
3].  Fukunaga,  et.  al.  [I]  prepared  electrically  conductive  films  of  amorphous 

Si3N4/BN  composites.  They  concluded  that  the  10  A  voids  within  the  amorphous 
Si3N4/BN  composite  were  occupied  by  lurbostralic  BN  since  Si3N4  and  BN  do  not 
constitute  a  solid  solution  even  in  the  amorphous  state.  They  also  claimed  a 

decreased  free  volume  in  the  Si3N4/BN  composite  and  an  increased  crystallization 
temperature  of  the  amorphous  Si3N4  matrix  in  the  composite.  Annealing  at  ca. 
1600  °C  led  to  precipitation  of  h-BN  in  the  amorphous  Si3N4.  Hirai  and  coworkers 
[2.3]  produced  opaque  and  transparent  amorphous  Si3N4/BN  composite  films  with 

up  to  36%  BN  by  weight  using  CVD.  Mazdiyasni  and  Ruh  [6)  found  improved 

electrical  and  thermal  shock  behavior  of  powder-based,  hot-pressed  Si3N4/BN 

composites  over  Si3N4  alone.  The  dispersion  of  the  low  modulus  BN  in  the  high 
strength,  high  modulus  Si3N4  matrix  significantly  improved  the  thermal  stress 
resistance,  lowered  the  dielectric  constant  by  ca.  20%,  and  did  not  drastically 
affect  the  mechanical  integrity  of  the  composite. 

Fabrication  of  uniform  S13N4/BN  material  by  more  conventional  ceramic 

powder  fabrication  methods  is  virtually  impossible  due  to  the  large  differences  in 

the  melting  points  of  Si  (1413  °C)  and  B  (2177  °C)  and  the  differences  in  N 
diffusivities  in  both  materials.  The  use  of  organomeiallic  precursors  to  ceramic 
composites  may  provide  several  advantages,  including  I)  improved  compositional 
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homogeneity  due  to  atomic  and  molecular  mixing  of  the  elemental  components,  2) 
lower  processing  temperature,  3)  higher  purity  ceramic  products  with 
controllable  microstructures,  and  4)  processing  flexibility  to  prepare  thin  films, 
powders,  binders,  fibers,  and  monoliths. 

Past  researchers  have  employed  polysilazanes  as  organometallic  precursors 
to  Si3N4.  Unfortunately,  the  resulting  ceramics  typically  consisted  of  mixed 
alpha-  and  beta-Si3N4  phases,  with  considerable  contamination  by  SiC,  Si02,  and  C 
phases[7,8].  Polymeric  precursors  to  boron  nitride  are  generally  based  on 
substituted  borazines  [9-11),  but  were  also  obtained  from  decaborane-  [12]  and 
pentaborane-based  systems  [13],  or  from  substituted  borane  Lewis  Base  adducts 
[14], 


Our  approach  to  fabricating  Si3N4/BN  composites  from  organometallics  is  to 
mix  a  polymeric  precursor  to  Si3N4  with  a  polymeric  or  molecular  precursor  to  BN 
prior  to  ceramic  conversion  and  in  addition,  to  prepare  a  single  polymer  which 

contains  Si,  N,  and  B.  The  effects  of  incorporated  BN  on  crystallinity,  phase  type 
and  distribution,  and  surface  area  of  the  solid  phases  were  examined. 

EXPERIMENTAL  METHODS 

Glovebox  and  Schlenk  techniques  were  employed  whenever  possible.  Dried 
solvents,  starting  materials,  and  glassware  were  used  throughout.  Precursor  and 

ceramic  materials  were  characterized  by  a  combination  of  FTIR,  XRD,  and  BET. 

A  vinylic  polysilane  (VPS)  with  the  approximate  composition 

[(Me3Si)w(CH2=CHSiMe)x(HSiMe)y(SiMe2)z].  where  Me  represents  a  methyl  group, 
was  used  as  the  precursor  for  Si3N4.  We  have  recently  described  the  conversion 
of  this  polymer  to  "amorphous"  Si3N4  at  1000  °C  in  NH3,  and  the  subsequent 

crystallization  of  the  ceramic  to  high  purity  alpha-Si3N4  with  heating  above  1400 
°C  in  N2  [15]. 

The  polymeric  BN  precursor  was  a  poly(borazinylaminc)  (PBZA),  which  was 
prepared  according  to  the  method  described  by  Narnia  et.  al.  [11],  Briefly,  2  g  (10.9 
mmol)  of  trichloroborazine  was  added  to  50  ml  of  dry  diethyl  ether.  The  solution 
was  stirred  and  cooled  to  -65  °C.  Hexamethyldisilazane,  (HMDS)  2.63  g  (16.32 
mmol),  was  added  at  once  and  the  mixture  was  slowly  warmed  to  room  temperature. 
The  reaction  was  carried  out  under  N2.  Volatiles  were  removed  under  vacuum, 
leaving  a  white,  fluffy  powder.  The  powder  was  transferred  into  a  N2  -filled 

glovebox  whereby  25  ml  of  dry  hexane  was  added  to  create  a  suspension.  NH3  was 
bubbled  through  the  suspension  for  12  hours,  after  which  volatiles  and 
remaining  solvent  were  removed  under  vacuum.  The  resulting  material  was  a 
white  powder. 

VPS  was  mixed  with  the  PBZA  in  1:1  and  10:1  wt  ratios.  In  both  instances, 
the  powder  was  evenly  dispersed  in  the  VPS  by  preparing  and  mixing  a  slurry 
with  dry  hexane,  followed  by  removal  of  the  solvent  under  vacuum.  The  resulting 
white,  gluey  pastes  were  placed  in  a  molybdenum  pyrolysis  boat  and  heated  in 
anhydrous,  prepurified  NH3  to  1000  °C  according  to  the  schedule  described  for 

preparing  the  Si3N4  [15],  The  resulting  white  solids  were  subsequently  heated  up 
to  1600  °C  under  N2  for  4  hours. 

In  separate  experiments,  (CH3  C  H  2)3  B  :  N  H  3 ,  an  adduct  prepared  by 

condensing  NH3  over  a  pentane  solution  of  (CH3CH2)3B  at  -50  °C  followed  by 
removal  of  excess  NH3  and  solvent  by  vacuum,  was  mixed  with  VPS  in  a  1:3  wt  ratio 
and  heated  as  above. 

A  polymeric  precursor  which  contains  Si,  N,  and  B  was  synthesized  to 
provide  a  homogeneous  mixture  of  the  elements  on  the  atomic  scale.  The 


81 


preparation  and  characterization  of  this  polymer  will  be  reported  in  a  future 
publication.  This  poly(borosilazane)  (PBS)  was  pyrolyzed  in  NH3  by  heating  from 
23  °C  to  1000  °C  in  10  hours  and  holding  at  1000  °C  for  an  additional  10  hours.  The 
resulting  solid  was  subsequently  annealed  under  N2  up  to  1600  °C  for  4  hours. 

EXPERIMENTAL  RESULTS 

The  effect  01  heating  on  the  physical  appearance  of  the  various  sample*  is 
summarized  in  Table  I. 

Table  I.  Si3N4/BN  Composite  Appearance  as  Determined  by  Temperature 

Sample  1000  eC/NH^  lfigLSCflfr 

VPS  tan  solid  white  solid 

1:1  VPS:PBZA  white  solid  white  solid 

10:1  VPS:PBZA  tan  solid  white  solid 

3:1  VPS:(CH3CH2)3B-NH3  black-tan  solid  white  solid 

PBS  orange-tan  solid  white  solid 

Infrared  Analysis 

Typical  FTIR  spectra  for  the  various  composites  are  shown  in  Figures  1-2. 
For  the  1:1  and  10:1  VPS:PBZA  samples,  the  presence  of  B-N  stretches  at  1390  cm'1 
and  SOI  cm'1  [16],  and  the  Si-N  stretch  between  1100  cm'1  and  800  cm'1  [16], 
confirm  the  formation  of  composite  materials  (Figure  1).  The  Si-N  stretches  are 
significantly  more  intense  in  the  10:1  samples  than  in  the  1:1  samples,  with 

simultaneous  reduction  in  the  B-N  stretches.  As  the  temperature  is  increased  from 
1000  °C  to  1600  °C,  fine  structure  in  the  spectra  becomes  more  pronounced  as 
crystallization  occurs,  and  the  intensities  of  residual  bands  at  3430  cm'1  (N-H)  and 
2900  cm'1  (C-H)  decrease. 

Mixtures  of  3:1  VPS:(CH3CH2)3B-NH3  do  not  form  detectable  silicon 
nitride/boron  nitride  composites  upon  pyrolysis.  The  FTIR  of  the  1000  °C  sample 
shows  only  a  broad  Si-N  stretch  centered  near  900  cm' 1 ,  which  is  typical  of 

amorphous  Si3N4  (Figure  2).  No  peaks  representing  B-N  bonding  are  observed 
near  1400  cm'1  or  900  cm'1,  although  these  bands  may  be  hidden  beneath  the 
large  Si-N  band.  With  heating  to  1600  °C,  the  FTIR  shows  only  the  increased 
crystallinity  of  the  amorphous  Si3N4,  and  confirms  the  absence  of  BN. 

The  PBS  sample  shows  an  extremely  broad  band  ranging  from  1600  cm'1  to 

300  cm'1  (Figure  2)  after  heating  to  1000  °C.  Residual  N-H  and  C-H  bands  are  also 

apparent.  With  heating  to  1600  °C,  however,  the  skewed  band  near  1400  cm'1, 
indicative  of  BN  and  the  large  structured  band  from  1100  cm'1  to  800  cm'1, 
attributed  to  the  Si-N  stretch,  confirm  the  presence  of  both  ceramics. 

X-Ray  Diffraction 

Powder  diffraction  patterns  for  the  various  composites  are  shown  in 
Figures  3-4.  The  1:1  VPS:PBZA  1000  °C  powder  shows  two  broad  peaks  near  23  and 
43  degrees  (Figure  3),  which  are  due  to  the  presence  of  turbostratic  BN  [17],  Upon 
heating  at  1600  °C,  these  peaks  sharpen,  due  to  increased  crystallinity  of  the  BN. 
and  several  smaller  peaks  are  now  obvious,  due  to  crystalline  alpha-Si3N4. 

The  10:1  composite  provides  very  different  patterns  (Figure  3).  At  1000  *C. 
the  sample  primarily  consists  of  amorphous  Si3N4,  noted  by  the  very  broad  peaks 
centered  near  33  and  70  degrees  [13],  By  1600  *C.  the  alpha-Si3N4  has  extensively 
crystallized,  but  the  presence  of  turbostratic  or  crystalline  BN  is  not  obvious. 


4000  3000  2000  1600  1200  800  400 
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The  patterns  obtained  for  pyrolyzed  VPS:(CH3CH2)3B-NH3  show  only  the 
crystallization  of  the  S13N4.  suggesting  that  the  borane  adduct  does  not  serve  as  a 
BN  source  in  this  context. 

PBS  also  exhibits  a  unique  series  of  diffractograms  (Figure  4).  At  1000  °C 
and  1600  °C,  the  very  broad  peaks  indicate  that  the  product  is  amorphous  [15]. 
Heating  to  1750  °C  for  2  hours,  however,  produces  a  mixed  composition  of  both 
alpha-  and  beta-Si3N4.  The  amount  of  crystalline  BN  is  below  the  detection  limit  of 
XRD,  however,  BN  is  present  since  the  B-N  stretch  is  detected  by  FT1R. 

Surface  Area  Measurements 

Preliminary  surface  area  measurements  are  listed  in  Table  II.  Initial 
results  indicate  that  BN  generated  in-situ  from  polymeric  precursors  reduces  the 
surface  area  of  the  ceramic  product,  as  observed  for  added  h-BN  powder  [18,19]. 

This  trend  is  clearly  seen  at  1000  °C,  where  the  surface  area  decreases  from  247 
m^/g  to  50.2  m2/g  as  the  initial  concentration  of  BN  precursor  is  increased.  The 
borane  adduct,  (CH3CH2)3B-NH3,  is  a  poor  BN  precursor  as  shown  by  the  relatively 
unchanged  surface  areas  relative  to  VPS  alone. 


Table  II.  Specific 

Surface  Area  (m^/g) 

Dependence  on  Temperature 

Precursor 

1000  °c 

-16QQ-.C 

VPS 

247 

12.3 

10:1  VPS:PBZA 

226 

19.7 

1:1  VPS:PBZA 

50.2 

7.5 

3:1  VPS:(CH3CH2)3B-NH3 

260 

11.6 

VPS+10%  h-BN 

220 

2.2 

DISCUSSION 

Previous  efforts 

in  our  laboratory 

have  shown  that  for  temperatures 

ranging  from  1000  °C  to  1600  °C,  the  addition  of  up  to  15  wt  %  of  commercial  BN 
powder  to  precursor-derived  Si3N4  reduces  both  the  surface  area  and  crystallinity 
of  the  solid  compared  to  precursor-derived  Si3N4  alone  118,19].  Added  BN  does  not 
help  sintering  of  Si3N4  since  it  suppresses  crystallization  and  mass  transport, 
which  are  the  first  steps  toward  complete  densification.  The  effect  is  possibly  due 
to  the  lowering  of  oxygen  activity  in  the  presence  of  boron. 

By  combining  polymeric  precursors  to  both  Si3N4  and  BN  prior  to  pyrolysis, 
composites  can  be  fabricated.  The  relative  proportion  of  the  ceramic  phases  can 

be  controlled  by  varying  the  weight  ratio  of  the  starting  polymers,  as  seen  with 

the  1:1  and  10:1  VPS:PBZA  composites.  The  adduct  (CH3CH2)3B-NH3  was  not  a  useful 
precursor  to  BN,  probably  because  the  adduct  decomposes  prior  to  reaction  with 
the  VPS.  A  polymer  which  contains  Si,  N,  and  B  provided  a  single  component, 

homogeneous,  molecularly  mixed  precursor  to  Si3N4/BN  composites. 

FTIR  analyses  indicate  a  mixture  of  both  Si-N  and  B-N  bonding 

environments  following  pyrolysis  of  the  VPS:PBZA  and  PBS  precursors.  XRD 
suggests  that  phase  separation  of  the  Si3N4  and  BN  occurs;  this  is  particularly 
evident  for  the  1600  °C  1:1  VPS:PBZA  sample.  The  crystallinity  of  the  Si3N4  in  the 
1600  °C  10:1  composite  was  somewhat  lower  than  that  obtained  from  the  precursor- 
derived  Si3N4  alone,  while  that  of  the  1:1  composite  was  significantly  less.  These 
results  indicate  that  molecularly  mixed  BN  from  a  polymeric  precursor  also 
suppresses  crystallinity  of  amorphous  Si3N4,  as  seen  for  added  h-BN  powder  [18, 
19]. 

The  PBS  polymeric  precursor  resulted  in  both  alpha-  and  beta-Si3N4  at  1750 
°C,  yet  showed  little  crystallinity  after  1600  °C  treatment.  This  observation 
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suggests  that  the  BN  has  increased  the  crystallization  temperature  of  the  Si3N4.  It 
is  possible  that  the  presence  of  both  phases  is  due  to  a  better  distribution  of  the  B- 
N  species  within  the  polymer  or  the  formation  of  a  high  temperature  liquid. 

The  reduction  in  surface  area  of  Si3N4/BN  composites  relative  to  Si3N4 
alone  may  be  explained  by  the  formation  of  B2O3  or  borosilicate  glass  through 

reaction  with  surface  oxygen  and  B,  added  either  in  precursor  form  or  as  h-BN. 
These  reactions  lead  to  a  reduction  of  free  volume  in  the  Si3  N  4  and  thus  a 
reduction  in  surface  area. 

Composites  derived  from  polymeric  precursors  are  expected  to  show 

increased  strength  and  toughness  over  the  component  ceramic  phases  while 

retaining  characteristic  refractoriness  and  resistance  to  abrasion  and  corrosion. 

This  preparation  method  also  shows  potential  for  producing  glass/ceramics  or 
amorphous  material  for  high  temperature  applications  in  composites. 
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STABILIZED  NANOP ARTICLES  OBTAINED  FROM  SYNTHETIC 
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ABSTRACT 

The  structural  characteristics  and  the  formation  of  monomeric  and 
stabilized  polymeric  micelles  and  vesicles  are  reviewed.  Characterization  of 
these  nanoparticles  involved  stability  studies,  molecular  weight 
determination,  permeability  and  fluorescence  investigations,  as  well  as 
electron  microscopy  and  DSC  studies. 

INTRODUCTION 

Spherical  micelles  of  3-6  nm  in  diameter  [1]  are  in  a  dynamic 
equilibrium  with  their  monomers  and  can  be  stabilized  either  by  the 
solubilization  within  them  of  appropriate  monomers  and  subsequent 
polymerization,  or  by  the  polymerization  of  micelle-forming  monomer 
surfactants  [2] .  Synthetic  vesicles  on  the  other  hand  with  diameters  from  30 
to  300nm  possess  greater  kinetic  stability  than  micelles  [1].  In  addition, 
the  dependence  of  the  structrure  and  size  of  vesicles  on  the  mode  of  their 
formation  [3,4]  allows  greater  structural  flexibility  than  micelles.  However 
further  stabilization  [5,6]  of  these  particles  is  required  and  this  was 
achieved  by  addition  polymerization  or  polycondensation. 

In  the  present  study  we  will  discuss  the  stuctural  requirements  for  the 
formation  of  micelle  and  vesicle  forming  polymerizable  surfactants  and  the 
diversified  methods  for  the  formation  of  the  their  polymerized  counterparts. 
The  stability  of  nanoparticles  was  the  main  property  to  be  investigated. 
Furthermore  their  molecular  weights  were  determined  and  the  structure  of 
micelles  was  investigated  by  fluorescence  spectroscopy  whereas  vesicles  were 
further  characterized  by  permeability  studies,  electron  microscopy,  DSC  and 
currently  by  video  enhanced  optical  microscopy.  Current  and  prospected 
applications  of  both  monomeric  and  polymerized  particles  include  their  use 
as  energy  conversion  systems  [7,8],  drug-carriers  [5,9]  in  medicine,  and  as 
media  for  biomimetic  reactions  [10]. 


1.  POLYMERIZED  MICELLES  -  FORMATION  AND  CHARACTERIZATION 


1.1-  Synthesis  of  micelle-forming  po1vmari*ahle  surfaotantw 


Surfactants  bearing  one  long  alkyl-chain  coupled  with  a  hydrophilic 
head  associate  in  water  above  a  critical  concentration  (CMC)  forming 
micelles.  Introduction  of  a  polymerizable  group  does  not  in  general 
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drastically  codify  the  basic  nolecular  structure  and  the  resulting  oononers 
also  aggregate  forcing  cicelies.  The  functionalization  of  surfactant 
structure  by  polycerizable  groups  can  be  perforced  either  near  the  head  or 
at  the  lipophilic  group,  as  in  conocers  I-V. 


1.2.  General  considerations  of  micellar  pnlvmariMtinn 

Studies  on  nice liar  polymerization  have  been  limited  to  addition 
polymerization  under  conventional  polymerization  conditions.  Certainly 
polycondensation  cannot  be  ignored  for  the  formation  of  polymerized 
aggregates.  These  latter  nanoparticles,  in  addition  to  their  other 
properties  will  be  biodegradable. 

The  study  here  will  be  restricted  to  the  polymerization  of  conocers 
which  are  thecselves  surfactants.  Several  parameters  cay  in  principle  affect 
micellar  polymerization  and  structure  of  nanoparticles  [11]  such  as: 

a)  The  concentration  which  controls  the  size  and  shape  of  monomeric 
micelles  may  very  well  affect  polymerized  counterparts.  The  type  of 
aggregates  as  a  function  of  surfactant  concentration  is  shown  pictorially 
below. 


b)  The  location  and  the  nature  of  the  polymerizable  group  at  the  heed 
or  lipophilic  moiety  of  the  surfactant  may  in  principle  affect 
polymerization  and  also  the  architecture  and  conformation  of  polymerized 
micellar  particles.  Thus  two  types  of  polymerized  micelles  can  be  envisaged, 
named  H  (for  head)  and  T  (tail)  respectively.  In  type  H  spherical  or 
ellipsoidal  polymerized  micelles  is  very  difficult  to  visualize  because 
their  formation  is  prevented  by  formidable  packing  constraints.  In  this  case 
disk-like  intermicellar  aggregates  or  bilayer  structures  will  be  visualized. 


Above  considerationa  on  polymerized  micelles  are  however  valid  if  the 
polymerization  occurs  intramicellarly  under  topochemical  conditions. 
Dynamics  of  nicellization  [12]  fall  into  two  categories:  a)  The  millisecond 
domain  in  which  whole  micelles  dissolve  and  reform  and  b)  the  microsecond 
domain  when  a  single  surfactant  exchanges  between  the  micelle  and  the 
solution.  In  order  for  the  polymerized  particles  to  have  more  or  less  the 
shape  and  size  of  the  monomeric  aggregates  the  polymerization  must  be  fast 
enough  that  Is  there  is  no  chance  for  monomeric  micelles  to  be  altered. 


1.3  Polymerized  micelles  obtained  through  micellar  polymerization 


In  reviewing  polymerized  aggregates  originating  from  nicelle-foming 
monomeric  surfactants  a  core  or  less  chronological  order  is  followed. 
Studies  perfomed  sofar  are  rather  fragmentary  and  above  mentioned  general 
aspects  have  only  been  partially  taken  into  account  in  micelle  fornation. 


a.  Heterocyclic  polyquatemary  ammonium  salts. 

The  first  exanples  in  micellar  polynerizat ion  involved  certain  methyl 
substituted  vinylpyridinium  salts[13-16],  the  structures  of  which  are  not 
typical  of  nicelle-foming  surfactants  and  which  aggregate  at  abnomally 
high  concentrations.  The  investigations  concerning  these  salts  focused 
primarily  on  the  polymerization  mechanism  rather  than  on  the  effect  of 
organization-aggregation  on  polymerization  and  the  structure  of  polymerized 
particles.  Thus  we  should  not  further  discuss  these  polymers. 

The  polymerization  of  micelle-forming  3-n-dodecyl-l-vinylimidazolium 
iodide  (I)  [17]  was  performed  comparatively  in  isotropic  and  micellar  media 
[18].  Although  polymerization  kinetics  were  not  performed  and  the  particles 
obtained  were  not  characterized  it  seems  that  micellization,  at  least  as 
judged  from  the  isolated  polymeric  products,  does  not  affect  polymerization 
[18],  Thus  polymers  obtained  by  the  two  modes  of  polymerization  cannot  be 
differentiated  as  far  as  viscosity,  microstructure  and  solubility  of  the 
polymers  are  concerned.  However,  CMC  obtained  by  electrical  conductivity  for 
this  salt  is  zero  because  of  its  polysoap  structure. 


b.  Poly( sodium  10-undecenoate) 

Sodium  10-undecenoate  CIV)  has  been  studied  rather  extensively.  Since 
it  bears  the  double  bond  at  the  end  of  the  aliphatic  chain  it  can  form 
T-type  polymerized  micelles.  Polymerization  was  accomplished  by  y-rays 
[19,20]  or  UV  light  [21]  and  the  degree  of  polymerization  was  found  equal  to 
the  aggregation  number  of  the  monomeric  micelles  i.e.  equal  to  10.  Thus 
polymerization  occured  intramice liar ly  each  polymer  chain  forming  a  micelle. 
When  polymerization  was  conducted  below  CMC  the  rate  was  practically  zero. 
The  type  of  organization  of  polymerized  particles  was  somehow  illustrated 
when  this  monomer  was  polymerized  in  the  liquid  crystalline  state  [22] .  In 
this  case,  structure  changes  from  hexagonal  closely  packed  cylinders  to  a 
lamella  structure.  The  degree  of  polymerization  was  270. 

The  same  monomer  forms  intermolecular  micelles  composed  of  more  than 
one  intramolecular  micelles  with  a  CMC  =  10~z  H.  The  aggregational  behavior 
of  monomeric  and  polymerized  micelles  has  been  studied  by  electrical 
conductivity  and  confirmed  by  dye  solubilization  [19].  The  intrinsic 
viscosities  of  monomeric  and  polymerized  micelles  had  shown  that  they  both 
have  equal  hydrated  sizes  while  a  larger  hydrated  size  was  found  for  the 
intermolecular  micelle  [19]. 

By  fluorescence  probing  [23]  with  pyrene  and  employing  the  Ia/Ii 
micropolarity  index  the  internal  structure  of  monomeric  and  polymerized 
micelles  were  compared.  Thus  polymerized  micelles  show  a  more  compact 
structure  as  compared  to  monomeric  counterparts.  As  a  consequence  pyrene 
does  not  penetrate  inside  polymerized  micelles  as  deeply  as  in  the  monomeric 
micelles  which  is  attributed  to  the  proximity  of  the  aliphatic  chains  due  to 
their  attachment  on  the  backbone  at  the  core  of  the  polymerized  micelles. 

The  dependence  of  polymerization  and  polymerized  micelles  on  the 
structure  of  monomeric  micelles  was  also  exezplified  in  the  polymerization 
of  the  same  monomer  with  UV  light  [21] . 
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c. Aliphatic  polyquatemary  salts 

Allyldimethyldodecyl  ammonium  bromide  (II)  [24]  was  polymerized 
comparatively  under  micellar  and  isotropic  conditions  with  y-rays. 
Isotropically  obtained  polymer  was  partially  destructed  from  the  radiolysis 
products  of  water.  It  seems  that  micellization  protects  the  aliphatic  chains 
from  the  sane  agents.  For  this  monomer  the  aggregation  number  of  monomeric 
micelles  was  found  equal  to  the  degree  of  polymerization  of  polymerized 
micelles  i.e  33.  This  may  be  interpreted  by  the  fact  polymerization  is  fast 
enough  that  polymerized  micelles  are  formed  before  the  surfactants  of 
monomeric  micelles  can  exchange  with  the  monomers  in  solution.  As  it  was 
found  by  fluorescence  probing  polymerized  micelles  are  more  compact  than  the 
monomeric  ones. 

Other  examples  of  micelle-forming  monomers  are  the  long  alkyl  chain 
derivatives  of  dimethylaminoethyl  methacrylate  (III)  quaternary  ammonium 
salts  [25,26].  For  these  monomers  the  rate  of  polymerization  in  aqueous 
media  increases  as  the  alkyl  chain  length  becomes  longer.  This  behavior  had 
been  interpreted  as  indicating  that  polymerization  is  taking  place  in  the 
micellar  state.  The  same  head  methacrylate  derivatives  were  polymerized  by 
S.  Hamid  and  D.  Sherrington  [25]  and  determined  their  average  molecular 
weights  which  range  from  about  10,000  to  11,000.  It  appears  that 
polymerization  is  facilitated  in  micellar  media  as  compared  to  isotropic  and 
topoch-mical  polymerization  has  been  achieved.  However  since  polymeric 
solutions  become  increasingly  opaque  due  to  the  presence  of  polymerized 
species  of  higher  molecular  weights  as  polymerization  proceeds,  a  skepticism 
was  expressed  whether  really  polymerized  micelles  were  formed  through 
topochemical  polymerization.  According  to  their  analysis  on  micellar 
dynamics,  topochemical  polymerization  was  rather  excluded  and  the 
experimentally  determined  low  molecular  weight  was  fortuitous  or  attributed 
to  the  facility  of  monomer  transfer  reaction.  For  these  methacrylate 
derivatives  however  micellization  dynamics  and  polymerization  rate  data  were 
not  available  and  therefore  the  parameters  employed  [25]  were  taken  from  the 
literature  for  alkyl  sulfates  and  various  other  monomers. 

The  structure  of  polymerized  micelles  may  be  affected  by  the  position 
of  the  polymerizable  group,  at  the  head  or  at  the  tail  [28]  as  shown  for 
monomers  VI  and  VII.  The  micellar  parameters  obtained  by  fluorescence 
measurements  for  monomeric  and  polymerized  micelles  are  summarized  in  Table 
I. 


VI  VII 


According  to  these  results  pyrene  senses  the  same  micropolarity  in  both 
monomeric  VI  and  polymerized  VI  micelles  while  senses  higher  polarity  in 
polymerized  micelles  VII  than  VI.  Thus  in  polymerized  micelles  originating 
from  the  tail  monomer  it  is  easy  for  water  to  penetrate  into  the  interior 
thus  enhancing  its  polarity.  Concemig  aggregation  number  of  polymerized 
micelle  VI  it  is  seen  that  it  is  almost  half  of  of  its  monomeric  counterpart 
which  very  probably  arizes  from  the  structural  constraints  when  the  backbone 
is  formed  at  the  interface.  On  the  contrary  it  is  twice  as  large  for  the 
polymerized  micelle  of  monomer  VII .  In  this  case  the  location  of  the  main 
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chain  at  the  core  of  the  polymerized  micelle  does  not  create  significant 
packing  problems. 

Table  I.  Polarity  Index  (Ia/Ii)  and  aggregation  number  N«  of  monomeric 
and  polynerized  cicelies  of  mononers  VI  and  VII. 


Surfactant 

N. 

Monomeric 

VI 

0.83 

62 

Monomeric 

VII 

- 

- 

Polymerized 

VI 

0.83 

24 

Polymerized 

VII 

0.72 

42 

d.  Polynerized  cicelies  from  non-ionic  surfactants 

The  nononer  l-O-3-(4-vinylphenyl)propyl-0-D-glycopyranose  (V)  [28]  a 
stiff  polynerizable  surfactant  polymerized  with  free  radical  initiators 
above  and  below  the  CMC.  2,2  azoisobutyronitrile(AIBN),  dipotassiuc 
peroxodisulfate  (KaSzOe)  and  2-(phenylazothio)naphthalene  (ATE)  were 
employed  as  initiators  but  only  polymerization  by  ATE  led  to  polynerization 
with  preservation  of  aggregation  number.  The  polynerization  with  the  other 
catalysts  resulted  primarily  in  the  formation  of  bigger  aggregates.  When  ATE 
catalyst  was  used  it  was  speculated  that  the  phenyl  radicals  might  initiate 
the  polymerization  and  that  the  naphtyl  thio  radicals  might  terminate 
growing  chains  before  diffusion  effects  become  noticeable.  Thus  it  was 
possible  to  have  topochemical  polymerization  conditions  by  changing  the 
employed  catalyst. 


2.  POLYMERIZED  VESICLES  -  SYNTHETIC  APPROACHES 


_ Formation _ of  polynerized _ vesicles — from  nononerie  vesicles  by  con- 

rentional  addition  polynerization. 


The  usual  structural  feature  of  vesicle-forcing  surfactants  is  the 
presence  of  two  long  alkyl  chains  in  conduction  with  a  polar  head  group. 
These  structures  when  functionalized  by  the  introduction  polynerized  groups 
fore  vesicle-forcing  nononers  [30,31]  whose  polynerization  leads  to  the 
formation  of  polymerized  vesicles.  The  nononers  VIII-XVII  are  indicative  of 
the  diversity  of  molecular  structures  that  form  vesicles. 

Utilization  of  vesicles  for  drug  encapsulation  has  led  to  extensive 
research  on  the  formation  of  single  and  multi-compartment  vesicles.  For  this 
purpose  the  methods  of  sonication,  reverse  phase,  evaporation,  solvent 
injection,  extruction  have  been  developed  [3,4],  Depending  on  the  method 
and  conditions,  multilanellar  and  unilamellar  vesicles  have  been  prepared. 
Methods  for  the  formation  of  vesicles  have  been  critically  reviewed  by 
Szoka-Papahadjopoulos  [3]  and  Hope  et  al.  Quite  recently  a  method  has  been 
developed  [32]  based  on  the  swelling  of  phospholipid  films  deposited  on 
special  supports  in  excess  water.  The  method  is  simple  and  it  is  performed 
under  mild  experimental  conditions. 

Polymerization  is  accomplished  by  conventional  methods.  Irradiation 
polymerized  groups  in  the  exterior  and  interior  of  the  vesicles.  On  the 
contrary,  polymerization  cay  be  limited  to  external  double  bonds  when  the 
initiator  , added  to  sonicated  vesicles,  cannot  permeate  to  the  interior. 

Depending  on  the  position  of  the  polymerizable  group,  polymerized 
vesicles  can  either  be  linked  at  tha  polar  head,  at  the  middle,  or  at  the 
end  of  the  lipophilic  chains  as  shown  below.  The  location  of  the  backbone 
in  polymerized  vesicles  certainly  affects  their  properties.  Head  group 
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nobility  is  preserved  when  the  nononers  are  linked  at  the  end  of  the  long 
aliphatic  chains,  whereas  head  group  nobility  is  lost  when  the  nain  chain  is 
located  near  the  head  group.  In  diacetylene  nononers,  polynerizaticn  leads 
to  extrenely  rigid  structures  which  do  not  exhibit  phase  transitions. 
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2.2.  Fnnwt.inn  nf  polviwriwrl  vesicles  fron  nonoonventlonal  tmrmnrin 
vssiolae  hv  retime  reactions. 

The  synthesis  of  nononers,  XVIII  and  IXX,  forming  this  type  of  vesicles 
is  accomplished  by  a  functionalization  of  typical  vesicle-forming  nolecules 
either  with  the  dissulfide  group  or  tilth  two  thiol  groups.  Hononer  XVIII 
forns  bilayer  structures  which  are  polynerized  [33]  or  rather  "switched  on" 
by  oxidation.  The  resulting  polyner  is  reversibly  depolynerized, "switched 
off,"  by  reduction.  It  has  also  been  found  that  the  nacrocyclic  analogue  IXX 
is  polynerized  [34]  in  the  vesicular  phase  by  ring  opening  polymerisation 
initiated  with  catalytio  amount  of  dithiothreitol(DTT).  These  vesicles  are 
P realising  candidates  for  mechanistic  and  practical  applications  due  to  their 
b iodegredab i 1 ity 


Functionalization  of  anino  acids  with  long  alkyl  chains  nay,  in 
principle,  lead  to  the  fomation  of  vesicle  foming  molecules  whose 
condensation  results  in  the  formation  of  polypeptides  which  can  also  form 
vesicles.  It  has  been  found  that  the  formation  of  stable  polypeptide 
vesicles  is  governed  by  proper  balance  of  hydrophilic  and  hydrophobic 
moieties  in  the  monomers.  Such  non oners  [35]  fulfilling  above  condition  are 
the  XX  and  XXI .  The  presence  of  the  carboxylic  group  enhances  the 
hydrophilicity  of  the  resulting  polypeptide  after  polycondensation.  The 
vesicles  are  stable  but  susceptible  to  biodegradation .  Polycondensation 
occurs  in  the  vesicular  phase,  in  the  presence  of  a  water  soluble 
carbodiimide .  It  must  be  noted,  however,  that  in  general  vesicle  formation 
is  not  a  prerequisite  for  the  polycondensation. 
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2.4.  Formation  of  vesicles  from  ionene  polymers. 


In  this  case  a  long-chain  dibromide  interacts  with  a  ditertiary  amine 
of  the  same  chain  length,  forming  ionene  polymers  [36]  leading  to  vesicles 
after  sonication.  Ionene  polymers  composed  of  alkyl  chain  of  different 
lengths  do  not  form  membrane  structures.  Further  work  is  required  for  the 
synthesis  and  structure  elucidation  of  this  type  of  vesicle  forming 
polymers. 
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2.5.  Formation  of  polymerized  vesicles  from  preformed  polymers. 


A  crucial  problem  of  polymerized  vesicles  is  whether  their  formation 
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requires  foraation  of  nonooeric  vesicles  which  subsequently  polymerize.  This 
problem  had  been  answered  recently.  Thus  polymers  prepared  isotropically 
from  monomers  [37]  XXI I -XXV,  formed  polymerized  vesicles  under  usual 
conditions.  A  characteristic  of  these  monomers  is  the  introduction  of  a 
hydrophilic  spacer  between  the  polymerizable  group  and  the  amphiphilic 
moiety.  In  this  way  an  efficient  decoupling  of  the  motion  of  the  polymer 
backbone  and  the  amphiphilic  groups  is  achieved.  The  fluidity  of  the 
polymerized  vesicles,  due  to  these  spacers,  is  preserved  and  this  results  in 
membrane  structures  simulating  biological  membranes.  However,  it  has  been 
reported  recently  that  spacers  are  not  essential  for  preserving 
"momoner-like"  packing  behavior  of  polymeric  surfactants.  Monomer  [38]  XXVI 
was  polymerized  through  oxidation  of  the  thiol  groups.  Sonication  of  the 
polymer  dispersion  afforded  vesicles  having  diameters  200-1000  A. 


3.  KINETICS  IN  THE  VESICULAR  PHASE. 


Understanding  of  the  potential  of  polymerized  vesicles  necessitates  a 
detailed  elucidation  of  the  kinetics  and  mechanism  of  their  formation  as 
they  affect  vesicle  structure.  Such  studies  had  been  performed  for  styrene 
bearing  quaternary  ammonium  surfactants  [39-41]  XXVI I -XXIX.  Continuous  UV 
irradiation  of  monomer  XXVII,  or  irradiation  by  laser  pulses,  decreases 
styrene  absorbance  in  a  first  order  process.  Calculated  rate  constants  were 
independent  of  the  vesicle  concentration  but  increased  linearly  with 
increasing  intensity  of  the  laser  pulses.  Rates  were  considerably  slower  in 
isotropic  ethanolic  solution  compared  to  vesicular  medium,  and  in  contrast 
to  vesicle  polymerization  the  rate  depended  on  moncaier  concentration.  This 
finding  .and  the  fact  that  the  sizes  of  vesicles  remained  practically 
unchanged  on  polymerization,  suggest  that  polymerization  occurs 
intravesicularly  on  the  surface  with  an  apparent  reduced  dimensionality 
which  can  be  analysed  on  a  per  vesicle  rather  than  per  volume  basis. 
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4.  CHARACTERIZATION  OF  POLYMERIZED  VESICLES. 


4.1.  Stability  Studies 

Polymerized  vesicles  in  general  retain  the  structure  of  their  monomeric 
counterparts.  For  instance,  the  hydrodynamic  radius  Rh  of  the  vesicles 
formed  from  monomer  XXVII  is  2500  A  and  changes  to  2750  A  upon 
polymerization  [28] .  Electron  microscopy  also  provides  excellent  evidence 
for  the  retention  of  vesicular  structure  of  the  momeric  vesicles  upon 
polymerization. 

Evaluation  of  polymerized  vesicle  stabilities  is  performed  by  the 
addition  to  their  dispersions  of  surfactants  such  as  sodium  dodecyl  sulfate 
[42]  or  of  increasing  quantities  of  ethanol  [43].  In  the  latter  case,  UV 
absorbance  of  solutions  was  found  constant  for  polymerized  vesicles  upon 
addition  of  0-25X  (V/V)  ethanol.  Monomeric  counterparts  showed  a  dramatic 
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decrease  in  turbidity.  Thus,  polymerized  vesicles  originating  fro*  non  oners 
VIII  [43]  IVX  [44,  45]  XV  [46]  of  Table  I.  as  well  as  XXX  [47]  XXXI  [48] 
XXXII  [46]  showed  enhanced  stability  as  compared  to  their  monomeric  ones. 

An  interesting  case  in  which  excellent  stabilization  was  obtained 
involves  the  polymerization  of  di(undecenyl )phosphate  [46].  Polymerized 
vesicles  resulting  from  this  monomer  were  stable  for  years  (own  unpublished 
results)  without  precipitating.  Their  stabilization  was  attributed  to 
crosslinking  of  the  adjacent  layers  of  the  vesicles,  (below  on  the  left) 
involving  50%  polymerization  of  the  vinyl  groups. 

The  stabilization  achieved  through  polymerization  of  monomeric  vesicles 
is  not  always  a  staightforward  process  nor  is  it  always  predictable.  For 
instance,  it  has  been  found  for  allyl  and  diallyl  vesicle-forming  quaternary 
ammonium  salts  [44,45]  that  only  the  polymerized  vesicles  derived  from  the 
diallyl  derivative  (below  on  the  right),  incorporating  a  pyrrolidine  moiety 
in  the  backbone,  and  prepared  by  a  mechanism  involving  alternate 
intramolecular  and  intermolecular  growth  steps  exhibited  good  stability. 
Polymerized  vesicles  obtained  fro*  the  allyl  derivative  are  unstable  and 
dissipate  shortly  after  y- irradiation.  Although  this  behavior  is  not  easily 
rationalized,  it  seems  that  the  insertion  of  pyrrolidine  moiety  in  the 
backbone  of  diallyl  polymerized  vesicles  is  probably  responsible  for  the 
stabilization  of  the  vesicles. 


Stabilization  of  synthetic  vesicles  was  also  treated  in  a  manner 
analogous  to  that  which  nature  uses  in  stabilizing  biomembranes,  i.e.  by 
coating  their  surface  with  polypeptides  or  polysaccharides.  Polymers  were 
attached  to  vesicles  surface  by  ionic  interactions,  hydrophobic  anchor 
groups,  or  polymerization  of  charged,  water-soluble  monomers.  These  ionic 
monomers  were  attached  to  charged  lipid  molecules  either  via  salt  formation 
or  as  counterions  [5,  49] .  In  the  latter  case  methacrylate  was  the 
counterion  of  vesicle-forming  molecule  dioctadecyldimethylaamonium 
methacrylate  [48],  Upon  polymerization  of  the  methacrylate  counterions,  the 
vesicles  were  encased  within  two  concentric  poly(methacrylate)  monolayers. 
Salt  formation  at  the  vesicle  surfaces  is  demonstrated  [51]  by  the  use  of 
4-vinylpyridine  (4VP)  which  polymerizes  in  organic  solvents  or  water  with 
the  addition  of  protic  acids.  In  the  present  case,  dicetyl  phosphate  is  used 
as  vesicle-forming  acid.  Salt  formation  is  achieved  by  the  addition  of  4 VP 
which  is  followed  by  spontaneous  polymerization.  A  polyaddition  poly(l,4 
pyridiniumdimethylene  salt)  is  obtained  covering  the  surface  of  the 
vesicles.  Retention  of  the  liposome  structure  after  coating  with  the 
polymer  was  confirmed  by  electron  microscopy.  In  this  connection  it  should 
be  mentioned  that  cetyltrimethylammonium  bromide  (CTAB),  a  well-known 
micelle-forming  surfactant,  is  forming  bilayer  membrane  structures  when  the 
bromide  is  replaced  by  a  polyacrylate  counterion.  In  this  way,  the  nature  of 
the  counterion  controls  [52]  micellar  or  bilayer  phase  formation  from  a 
single-chain  surfactant. 


4.2.  Parmeehn  i*-v  Studlaa 

Controlled  permeability  is  a  significant  property  of  both  monomeric  and 
polymerized  vesicles.  Vesicle  permeability  can  be  determined  with  any 
water-soluble  marker  using  methods  based  on  fluorescence,  enzymatic,  redox 
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detection,  electron  paramagnetic  resonance  spectroscopy,  and  radiochemical 
tecqniques.  [3H]  glucose  is  a  preferred  compound  because  it  does  not 
interact  with  cationic  surfactants  and  can  be  used  at  low  ionic  strength. 
This  is  required  since  vesicles  formed  from  cationic  surfactants  tend  to 
aggregate  at  salt  concentrations  exceeding  20mM.  Thus  the  permeability  of 
poly(XXXIII)  and  poly(XXXIV)  vesicles  is  about  half  of  those  derived  from 
their  respective  monomers,  XXXIII  and  XXXIV. 

Copolymer ization  with  a  cross-linking  agent  further  reduces  the  leakage 
rate.  In  contrast,  formation  of  peptide  vesicles  through  the  condensation  of 
long-chain  amino  acids  [35]  XX  and  XXI  showed  increased  permeability.  Thus, 
permeability  of  vesicles  from  the  homocysteine  derivative  is  0.2  to  0.4  of 
that  of  cysteine  vesicles.  The  difference  in  permeability  behavior  is  likely 
due  to  the  higher  lactam  content,  and  hence,  lower  amounts  of  oligopeptides 
in  vesicles  from  XX  than  in  vesicles  from  XXI . 


4.3.  Molecular  Weight  Determination. 

Concerning  molecular  weights  of  polymerized  vesicles  it  has  been  found 
that  many  vesicles  consist  of  several  polymer  fragments  and  not,  of  only  two 
polymer  chains  resulting  from  the  polymerization  of  each  layer  of  an 
one-compartment  vesicle.  The  structure  of  polymerized  vesicles  may  be 
related  to  or  modeled  as  intermolecular  micelles  consisting  of  individual 
polymeric  chains  (each  being  an  intramolecular  micelle)  aggregated  into 
bigger  assemblies.  The  fragments  vary  signigicantly  depending  on  the 
specific  structure  of  vesicle-forming  monomers  and  conditions  of  the 
experiments.  Thus,  while  for  monomer  XXVII  [39]  chain  length  is  20,  the  two 
methacryloyl  monomers  [53],  (XXXIII)  and  (XXXIV)  which  were  polymerized 
catalytically,  exhibited  chain  lengths  consisting  of  about  500  units.  For 
the  polymerized  vesicles  derived  from  XXXIII  the  calculated  number  of 
monomers  per  vesicle  was  10*-3.10°  and  therefore  there  must  be  600  chains 
per  vesicle  while  for  those  from  XXXIV,  with  a  number  of  monomer  units  per 
vesicle  equal  to  10*-8. 10*,  there  must  be  only  20-60  polymeric  chains.  In 
addition,  preliminary  experiments  showed  that  the  molecular  weight  of 
poly(XXXIII)  varies  inversely  with  the  time  subjected  to  sonication  before 
polymerization.  These  results  suggest  that  lower  molecular  weight  polymers 
are  formed  in  smaller  vesicles. 


4.4  Miscellaneous  Characterization  Studies. 

The  thermal  behavior  of  polymerized  vesicles  as  investigated  by 
Differential  Scanning  Calorimetry  depends  on  the  type  and  position  [54]  of 
the  polymerizable  group  of  their  monomeric  counterparts  and  the  phase 
transitions  that  are  observed  correspond  to  changes  from  the  gel  to  liquid 
crystalline  phases  [30].  Thus  the  phase  transition  of  polymerized  vesicles 
is  retained  when  the  backbone  is  located  in  their  hydrophilic  surface  while 
is  lacking  when  a  rigid,  fully  conjugated  main-chain  is  formed  by  the 
polymerization  of  monomers  bearing  diacetylenic  moiety  at  the  middle  of  the 
hydrocarbon  chains.  It  seems  that  the  crucial  parameter  for  the  exhibition 
of  phase  transition  by  polymerized  vesicles  is  a  decoupling  of  mc'-ion  of  the 
backbone  from  that  of  the  amphiphilic  side-chain.  In  addition,  whi  i  a  spacer 
is  introduced  between  the  polymerizable  group  and  the  amphiphilic  moiety  the 
phase  transition  appears  at  higher  temperatures,  and  is  narrower  as  compared 
to  that  of  monomeric  vesicles  [37],  This  behavior  is  in  contrast  with  that 
of  polymerized  vesicles  without  spacers  [54,55]  in  which  transitions  are 
broadened  and  shifted  to  lower  temperatures. 

Recently  introduced  video  microscopy  [56]  and  specifically 
video-enhanced  differential  interference  contrast  microscopy  [57,58]  for 
the  study  of  molecular  assemblies  can  effectively  been  used  for  the  study  of 
polymerized  aggregates.  Specifically  this  technique  allows  an  immediate  and 
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rapid  characterization  of  organized  assemblies  and  other  colloidal 
suspensions  free  from  artifacts  by  direct  visualization  on  a  television 
screen.  Particles  with  sizes  down  to  50nm,  their  dynamios,  stability  and 
slow  flocculation  can  be  directly  pictured,  recorded,  analysed  in  real  tine. 


CONCLUDING  REMARKS 

Elucidation  of  nicellar  polymerization  and  characterization  of 
polymerized  micelles  has  rather  delayed,  primarily  dun  to  the  lack  of 
systematic  studies.  At  the  moment,  what  is  needed,  is  clve  right  choice  of  a 
series  of  micelle  forming  monomers,  each  with  minor  structural 
differentiation  from  the  other,  and  the  investigation  of  the  effect  of  these 
modifications  on  polymerized  micelles.  In  polymerized  vesicles,  on  the  other 
hand,  intensive  and  systematic  work  resulted  in  the  clarification  of 
vesicular  polymerization  and  of  the  problems  associated  with  the  structure 
of  these  particles.  The  diversity  of  methods  that  have  been  developed  for 
their  formation  coupled  with  varying  degrees  of  stability  and  permeability 
render  these  aggregates  appropriate  for  a  wide  variety  of  applications. 
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ABSTRACT 

Recently  we  reported  on  a  method  of  preparing  microcellular  composite 
foams.  In  this  procedure  an  open-celled  polystyrene  foam  is  prepared  by 
the  polymerization  of  a  high-internal -phase  water-in-oil  emulsion 
containing  styrene,  divinylbenzene,  surfactant,  free-radical  initiator  and 
water.  After  drying,  the  cells  of  the  polystyrene  foam  are  then  filled 
with  other  materials  such  as  aerogel  or  resoles.  The  physical  properties 
of  these  materials  e.g.,  surface  area,  density,  thermal  conductivity,  and 
compressive  strength  will  be  presented. 


INTRODUCTION 

Physics  experiments  require  very  special  materials.  For  inertial 
confinement  fusion  (ICF)  experiments,  foams  have  been  suggested  as  ideal 
material  to  hold  uniformly  a  mixture  of  liquid  deuterium  and  tritium  in  a 
fusion  target.  To  do  this,  the  foam  must  be  a  material  of  low  .atomic 
number  with  very  small  cells  (<  0.1  /im),  low  density  (<  40  mg/cnr)  but 
handleable.  Other  experiments  require  open-celled  foams  with  specific 
densities  that  can  range  from  7  mg/cnr  (5  X  the  density  of  air)  to  nearly 
full  density,  and  range  in  length  from  a  millimeter  to  meters.  One  type  of 
foam  that  we  use  extensively  is  a,  polystyrene  emulsion  foanr  prepared  by  a 
technique  introduced  by  Unilever.  The  foam  is  prepared  by  mixing  styrene, 
divinylbenzene,  sorbitan  monooleate  and  free  radical  initiator  with  water 
to  form  a  water-in-oil  emulsion  that  can  be  polymerized  by  heating  at  60°C. 
The  solid  mass  is  then  oven-dried  to  remove  the  water.  In  this  way,  foams 
with  densities  from  0.012g/cnr  to  0.20  g/cnr  and  cell  diameter  of  3-100  ,im 
can  be  prepared  depending  on  the  concentration  of  monomers,  surfactant, 
initiator  and  salt  used  to  prepared  them.  (Fig.  1) 


0.025  g/cm3 


0.133  g/cm3 


1  OyLtm 


Figure  1.  The  size  of  the  cell  "windows”  decreases  with  increasing  foam 
density. 


Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  171.  e  1990  Materials  Research  Society 


100 


Composite  foams  were  developed  to  reduce  the  cell  size  of  the  foam 
matrix  by  backfilling  the  cells  of  the  polystyrene  foam  with  materials  such 
as  aerogel,  or  resole.  The  preparation  of  the  composite  foams  have  been 
reported  on  elsewhere.  The  polystyrene  foam  can  be  filled  completely 
(Fig.  2,3),  or  the  cell  walls  can  be  coated  depending  upon  the 
concentration  of  filler.  This  method  has  been  extended  to  other  filler 
materials  such  as  backfilling  with  styrene  and  divinylbenzene  to  prepare 
foams  of  higher  density.  In  the  remainder  of  this  paper  we  will  examine 
some  of  the  physical  properties  of  the  composite  materials. 


Fig. 2  Fig.  3 


Figure  2.  Composite  foams  prepared  by  backfilling  polystyrene  emulsion 

foam  with  (10%)  Si  aerogel. 

Figure  3.  Composite  foams  prepared  by  backfilling  polystyrene  emulsion 

foam  with  (6%)  Resorcinol -Formaldehyde  (RF). 


RESULTS  AND  DISCUSSION 

Specific  surface  area  measurements  were  made  on  a  Monosorb 
(Quantachrome  Corporation)  single  point  surface  analyzer  using  30  mole 
percent  nitrogen  in  helium.  The  single  point  method  was  used  to  obtain 
specific  surface  areas;  therefore,  the  data  (Table  1)  should  be  considered 
as  relative  values  only. 

Compression  analyses  were  determined  on  0.75  cm  right  cylinders  using 
a  Materials  Testing  System  (MTS)  with  a  500  lb.  load  and  a  platen  speed  of 
0.005  inch/minute.  Results  are  reported  in  Table  II.  The  composite  foams 
were  found  to  have  physical  characteristics  similar  to  those  of  the 
polystyrene  foam.  Compression  testing  data  show  the  filler  increased  the 
density,  but  in  the  case  of  the  Si  aerogel  filler,  added  nothing  to  the 
modulus.  Conversely,  the  resole  matrix  increased  the  modulus.  Although 
intrinsically  weak,  the  resole  appeared  to  stiffen  the  walls  of  the 
polystyrene  foam.  This  effect  Is  very  dramatic  in  the  carbonized  forms  of 
these  materials  which  appear  to  be  one  of  the  best  materials  for  1CF 
targets . ' *8 
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Table  1.  Specific  surface  area  measurements  on  foam  composites 

Specific 

Sample  foam  Density  Surface  Area  SEM 

I.D.  Type  (g/cm3)  (nr/g)  Observations 


C-l 

PS 

0.105 

3 

empty  cells 

141-3 

PS+(2%)RF 

0.116 

35 

coating  on  cell  walls 

141-2 

PS+(4%)RF 

0.118 

27 

coating  on  cell  walls 

141-1 

PS+ ( 6%) RF 

0.116 

28 

filled  cells 

146-3 

PS+(2%)PF 

0.121 

30 

coating  on  cell  walls 

146-2 

PS+ ( 3%) PF 

0.126 

14 

filled  cells 

146-1 

PS+ ( 7%) PF 

0.158 

20 

filled  cells 

14-5 

PS+ ( 5%) S i 

0.119 

127 

partially  filled 

aerogel 

cel  1  s 

14-3 

PS+(7 . 5%) 

0.139 

138 

coating  on  cell 

Si  aerogel 

wal  1  s 

Control 

PS 

0.100 

5 

empty  cells 

1 18G 

PS+ ( 4%) RF 

0.149 

105 

filled  cells 

92-1 

PS+(10%) 

Si  aerogel 

0.111 

391 

filled  cel  1 s 

92-2 

PS+(7.5%) 

Si  aerogel 

0.090 

538 

filled  cells 

92-3 

PS+( 5%) Si 

0.089 

309 

partially  filled 

aerogel 

cel  1  s 

C-2 

PS 

0.021 

9 

empty  cells 

28A 

PS+ ( 2%) RF 

0.048 

252 

filled  cells 

67-  IB 

PS+( 1%)RF 
(carbonized) 

0.032 

800 

filled  cells 

Table  II. 

Compression  strength  on 

foam  composite 

Foam 

Density 

(g/cm3) 

Yield 

Compression  E-mod. 

Type 

Strength  (psi) 

at  Yield  (psi )  (psi ) 

PS 

0.105 

174 

4 . 7  5800 

PS+ ( 10%) Si 
aerogel 

0.139 

183 

6.4  5800 

PS+(7.5%)Si 

0.126 

181 

6.4  5900 

aerogel 

PS+ ( 5%) S i 

0.106 

181 

6.4  5900 

aerogel 

PSf(2%)RF 

0.111 

248 

6.2  7600 

PS+ ( 4%) RF 

0.122 

294 

6.8  9500 

PS+(6%)RF 

0.131 

367 

6.4  10600 

Since  aerogels  are  known  to  be  good  insi/lating  materials,9  we  have 
attempted  to  make  thermal  conductivity  measurements  on  the  composite  foams. 
Thermal  diffusivity  (@)  of  the  composite  samples  was  measured  using  a 
laser-flash  thermal  diffusivity  system  at  the  Applied  Thermal  Physics 
Laboratory  (ATPL),  University  of  Delaware.  This  system  and  its  associated 
analytical  software  is  described  elsewhere.10  The  samples  in  the  form  of 
discs  1  cm  in  diameter  by  1.5  mm  or  2.5  mm  thick  were  pre-coated  on  both 
sides  with  copper,  followed  by  a  thin  graphite  surface  to  ensure  uniform 
lateral  heat  dispersion  on  both  surfaces. 
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Following  energy  deposition  by  the  infra-red  laser  pulse  on  the  front 
face  of  the  sample,  the  temperature  rise  of  the  second  face  of  the  sample 
was  monitored.  The  temperature  showed  a  time  dependence  distinctly 
different  from  a  homogeneous  isotropic  material.  The  theoretical  thermal 
diffusivity  values  were  calculated  from  the  fractional  temperature  rise  at 
each  0.1  fraction  of  the  trace  rise-time  (tv:  V*0.1  to  0.9)  between  the 
pulse  and  the  peak  temperature  rise  of  the  second  face.  Only  the  relative 
values  of  thermal  diffusivity  (ty2)  *re  reported  in  Table  III. 

He  noted  that  for  values  of  V  between  0.1  and  0.5  the  calculated 
values  of  @  decreased  steadily  with  time.  Thus  the  values  for  V-0.1  are 
approximately  three  times  the  values  reported  in  Table  III.  These  initial 
high  diffusivity  measurements  may  be  due  to  residual  effects  of  rapid 
radiant  heat  transfer  through  the  composite  materials  since  there  is  no 
component  in  the  composite  which  should  give  such  a  high  initial 
diffusivity.  For  values  of  V  from  0.5  to  0.9  the  average  calculated  value 
@  was  typically  within  10%  of  the  value  at  V-0.5.  This  suggests  that 
thermal  transport  in  this  time  range  is  more  typical  of  a  homogeneous, 
isotropic  material  and  is  due  to  a  combination  of  skeletal  conductivity  and 
thermal  transport  through  the  entrapped  air. 

Pending  further  transient  analysis,  we  can  gain  a  qualitative 
understanding  of  the  changes  in  heat  transport  mechanism  in  these  composite 
foams  by  comparing  the  tj/2  values  of  9  listed  in  Table  III.  We  assume 
that  the  contribution  to  thermal  transport  by  radiation  are  small,  while 
contriubtions  from  skeletal  diffusivity  and  entrapped  air  diffusivity  are 
comparable  to  each  other.  Using  the  blank  foam  value  of  0.0018  cmz/s  as  a 
reference,  we  note  that  only  for  sample  146-1  is  there  a  reduction  of  @ 
below  the  blank  foam  value.  We  assume  that  in  this  material  the 
phi oroglucinol -formaldehyde  (PF)  foam  completely  filled  the  polystyrene 
foam  thus  reducing  the  cell -size  for  the  entrapped  air.  The  resulting 
reduction  in  gas  molecule  mean-free-path  reduced  the  entrapped  air 
diffusivity  while  the  skeletal  diffusivity  was  not  altered.  At  the  other 
extreme  we  note  that  sample  14-5  has  the  highest  @  value  despite  the  low 
density.  This  suggest  that  the  silica  filler  (which  as  a  thermal 
conductivity  about  ten  times  that  of  the  polystyrene)  has  enhancing  the 
skeletal  conductivity  without  inhibiting  the  air  diffusivity.  The  other 
two  PF  aerogels  and  the  three  RF  aerogels  give  values  equal  to,  or  slightly 
above,  those  of  the  blank  foam.  We  propose  that  this  relatively  small 
enhancement  could  be  due  to  partial  filling  of  the  foam  cells  possibly 
providing  thermally  conductive  bridges  across  the  cells.  This  effect  may 
be  partially  compensated  by  a  reduced  gas  mfp  due  to  some  reduction  in  cell 
size.  Similar  comments  apply  to  the  other  Si  airglass  sample  14-3  though 
in  this  case  wall -coating  giving  enhanced  skeletal  diffusivity  is  more 
likely  than  for  the  organic  fillers.  Further  analysis  and  modeling  of  the 
transient  thermal  response  of  the  composite  foams  is  in  progress. 


CONCLUSIONS 

Although  the  materials  needed  for  laser  fusion  targets  or  other 
physics  experiments  are  highly  specialized,  we  envision  that  composite  foam 
technology  can  be  extended  to  other  foam  combinations  and  that  novel 
filters,  insulation,  catalytic  devices  and  chromatographic  materials  could 
be  made  from  these  materials.  At  this  time  we  are  continuing  to  study  a 
way  to  optimize  these  materials. 


Table  III.  Measurement  and  Analysis  of  Thermal  Diffusivity 
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SYNTHESIS  AND  PROPERTIES  OF  COPOLYMERS  OF 
DIPHENYLS I LOXANE  WITH  OTHER  ORGANOSILOXANES 

J.  Ibemesia,  N.  Gvozdicb,  M.  Kueminc,  Y.  Tarshianid  and  D.  J.  Meier* 

Michigan  Molecular  Institute,  1910  W.  St.  Andrews  Rd.,  Midland,  MI  40640 

ABSTRACT 

We  describe  the  synthesis,  characterization  and  properties  of  various 
types  of  siloxane  polymers  containing  diphenylsiloxane  (P)  as  a  component. 
The  polymer  types  include  di-and  tri-block,  copolymers  with  dimethylsiloxane 
(M)  as  the  second  component,  and  random  and  statistical  copolymers  with 
dimethylsiloxane  or  methylphenylailoxane  (P/M)  as  the  second  component.  Such 
copolymers  combine  siloxane  units  whose  polymers  have  very  different 
properties.  The  polydiphenylsiloxane  chain  is  rigid  and  inflexible,  and  the 
polymer  is  a  highly  crystalline  solid  with  a  liquid  crystalline  or  condis 
crystalline  state  and  a  very  high  melting  (clearing)  temperature.  In 
contrast,  the  polydimethylsiloxane  or  polymethylphenylsiloxane  chains  are 
very  flexible  and  the  polymers  have  very  low  glass  transition  temperatures. 

Polymers  of  controlled  molecular  composition,  size  and  architecture 
were  prepared  by  anionic  polymerization  of  the  "cyclic  trimers",  using 
lithium-based  initiators. 

The  physical  properties  of  the  copolymers  vary  dramatically  with 
composition  and  architecture.  Two  types  of  "random”  copolymers  can  be 
prepared.  In  one  type,  siloxane  units  of  a  given  type  are  randomly  placed  in 
the  chain  in  groups  of  three,  i.e.,  the  minimum  sequence  length  of  a  given 
siloxane  type  is  three  siloxane  units.  In  the  other  type  of  random 
copolymer,  individual  siloxane  units  are  randomly  distributed  so  that  the 
minimum  sequence  length  is  a  single  siloxane  unit.  The  properties  of  the  two 
types  are  quite  different,  showing  that  subtle  changes  in  sequence 
distribution  can  have  major  effects  on  physical  properties.  At  molar  ratios 
near  1/1  and  with  molecular  weights  of  ~105  ,  the  first  type  of  "random” 
copolymer  is  an  elastic  solid  with  appreciable  mechanical  properties, 
whereas  the  latter  type  is  a  sticky  gum. 

Diblock  copolymer  (P-M)  with  dimethylsiloxane  as  the  major  component 
are  paste-like,  whereas  the  triblock  (P-M-P)  and  star-block  copolymers  of 
the  same  composition  are  tough  elastomers.  The  block  copolymers  are 
molecular  composites,  in  which  the  polydiphenylsiloxane  component  separates 
into  crystalline  microphases  with  very  uniform  fibrillar  or  lamellar 
morphologies,  and  with  widths  or  thicknesses  comparable  to  the  length  of  the 
polydiphenylsiloxane  block,  i.e,  typically  of  the  order  of  100  K. 

INTRODUCTION 

A  program  has  been  underway  at  MMI  for  several  years  to  investigate 
the  synthesis  and  properties  of  homopolymer  and  copolymers  of  diphenyl¬ 
siloxane  with  other  organosiloxanes .  A  wide  variety  of  homopolymers  and 
copolymers  have  been  prepared  by  ring-opening  polypmerizat ion  of  the  "cyclic 
trimers"  e.g.,  hexaphenylcyclotrisiloxane  and  hexamethylcyclot risiloxane, 
using  lithium-based  anionic  polymerization  techniques,  as  first  described  by 
Bostic1.  Polymers  of  controlled  size  and  molecular  architecture  can  be 
prepared  by  these  techniques  since,  when  propertly  used,  lithium-based 
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initiators  do  not  "scramble*  or  randomize  the  sequence  distributions  of 
resulting  copolymers.  Polydiphenylsiloxane  is  of  interest  since  the  polymer 
is  highly  crystalline,  with  a  liquid  crystalline  (or  condis)  transition  near 
250°C  and  a  clearing  temperature  above  500°C.  The  polydiphenylsiloxane  chain 
is  quite  rigid  in  contrast  to  the  highly-f lexible  polydimethylsiloxane  or 
polymethylphenylsiloxane  chains. 

A  variety  of  block  copolymers  of  the  di-block  (P-M) ,  triblock  (P-M-P) 
and  star-block,  (P-M)n-x  types  have  been  made,  where  "P"  and  "M"  represent 
polydiphenylsiloxane  and  polydimethylsiloxane  blocks,  respectively,  and  "x" 
represents  the  common  junction  of  n-arms  of  a  star-block  molecule.  With 
appropriate  block  compositions,  the  tri-  and  star-block  copolymers  are 
highly  elastic,  with  strength  properties  among  the  highest  ever  reported  for 
a  siloxane  elastomer2. 

Random  and  statistical  copolymers  are  of  interest  since  they 
demonstrate  in  a  striking  way  the  influence  that  subtle  differences  in 
molecular  architecture  can  have  on  physical  properties.  The  term 
"statistical  copolymer"  is  used  here  to  designate  polymers  prepared  by  the 
lithium-initiated  copolymerization  of  the  cyclic  trimers.  The  resulting 
copolymers  are  "random",  but  the  randomness  is  for  groups  of  three  siloxane 
units  of  a  given  type,  i.e.,  the  siloxane  moities  appear  in  the  chain  in 
minimum  sequence  lengths  of  three.  With  the  polymerization  conditions  used, 
lithium-based  initiators  do  not  scramble  the  units  of  each  cyclic  trimer 
molecule.  In  contrast,  truly  random  copolymers  can  be  prepared  using  other 
types  of  initiators  and  monomer  types,  e.g.,  KOH  with  the  cyclic  tetramers-. 
With  such  initiators,  the  3iloxane  moities  are  completely  scrambled  and 
hence  appear  in  the  chain  in  minimum  sequence  lengths  of  one.  Although  the 
difference  between  minimum  lengths  of  one  unit  vs.  three  units  would  appear 
to  be  minor,  the  differences  in  the  physical  properties  of  the  two  types  of 
"random"  copolymers  are  very  large,  as  will  be  shown. 

EXPERIMENTAL 

As  mentioned,  the  various  siloxane  polymers  are  prepared  using 
lithium-based  anionic  polymerization  techniques  to  initiate  the 
polymerization  of  the  cyclic  trimers  (obtained  from  Hiils  Petrarch  Systems 
Inc.,  Bristol,  PA).  The  sensitivity  of  anionic  polymerizations  to 
adventitious  impurities  3uch  oxygen,  moisture,  polar  substances,  etc. 
requires  careful  precautions  to  purify  monomers  and  solvents  and  to  exclude 
air  during  the  polymerizations.  Hexaphenylcyclotrisiloxane  (HPTS)  was 
purified  by  repeated  recrystallization  from  toluene,  hexamethylcyclot ri- 
siloxane  (HMTS)  by  vacuum  sublimation  at  room  temperature,  and  t riphenyltri- 
methylcyclotrisiloxane  (TPTMTS)  by  distillation.  Trivinyltrimethyl- 
cyclotrisiloxane  (TVTMTS)  was  used  as  received.  Diphenylether  (DPE)  and 
tetrahydrofuran  (THF)  used  as  solvents  in  the  polymerization  were  purified 
by  distillation  over  n-butyllithium  (DPE)  or  LiAlH4  (THF) .  The  polymer¬ 
izations  were  conducted  under  a  positive-pressure  of  purified  nitrogen. 

Diblack  P-.M  copQlyipfixa 

The  diphenylsiloxane-dimethylsiloxane  diblock  copolymers  are  prepared 
by  polymerizing  the  diphenylsiloxane  block  first  and  then  followed  by 
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polymerization  of  the  dimethylsiloxane  block.  This  sequence,  as  shown  in 
Figure  1,  allows  the  dimethylsiloxane  block  to  be  terminated  with  reactive 
end-groups,  e.g.,  vinyl  groups,  for  post-polymerization  coupling  reactions 
to  produce  star-block  copolymers. 


FIGURE  1 
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SYNTHESIS  OF  VINYL -TERMINATED  DIBLOCK  P-M  COPOLYMERS 

Polymerization  of  the  diphenysiloxane  block  is  done  at  150  -  180°C  in  DPE 
solution  at  concentrations  below  25%  to  avoid  phase  separation  during  the 
polymerization.  Lithium  dimethylbutylsilanolate,  which  is  formed  by 
reacting  s-butyl  lithium  and  HMTS  in  a  1/1  molar  ratio  (Li/Si),  is  used  as 
the  initiator2.  The  3ilanolate  reaction  product  is  required  for  initiation 
of  the  polymerization  of  HPTS,  since,  in  contrast  to  HMTS,  s-butyl  lithium 
will  not  initiate  the  polymerization  of  HPTS.  A  small  concentration  (e.g., 
0.2-0. 4  molar)  of  a  polar  additive  such  as  tet rahydrof uran  (THF)  is 
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required  as  a  polymerization  "promoter"  for  polymerization  of  the 
diphenylsiloxane  block.  The  polymerization  of  the  diphenylsiloxane  block 
is  complete  in  approximately  two  hours,  after  which  the  solution  is  cooled 
to  70°C  and  a  solution  of  HMTS  in  THF  (20  w/v  %)  is  added.  Polymerization 
of  the  polydimethylsiloxane  block  also  requires  approximately  two  hours 
for  completion.  The  reaction  is  terminated  by  the  addition  of 
vinyldimethylchlorosilane  to  provide  a  single  terminal  vinyl  group,  or, 
alternatively,  trivinylt rimethylcyclot risiloxane  can  be  added  and 
polymerized  to  give  a  short  terminal  methylvinylsiloxane  "block"  with 
additional  terminal  vinyl  groups.  Typically  only  a  few  (3-20)  methyl¬ 
vinylsiloxane  units  are  added  to  each  polymer  chain  The  polymers  are 
recovered  and  impurities  and  unreacted  monomers  are  eliminated  by  repeated 
washing  with  acetone  and  methanol. 

Capolymeia 

The  triblock  polymers  P-M-P  are  prepared  in  the  manner  first  described 
by  Bostic1.  The  polymerization  sequence  is  3hown  in  Figure  2. 


FIGURE  2 
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SYNTHESIS  or  F-M-F  TRIBLOCK  COPOLYMERS 
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A  difunctional  lithium  silanolate  initiator  is  used  to  polymerize  the  center 
dimethylsiloxane  block  first,  then  followed  by  polymerization  of  the  end 
diphenylsiloxane  blocks. 

Statistical  copolymers 

Poly (diphenylsiloxane-stat-dimethylsiloxane)  (P-s-M)  and 
poly (diphenyl-stat-phenylmethylsiloxane)  (P-s-P/M)  are  prepared  by 
copolymerization  of  the  cyclic  trimers  at  150-180°C,  using  1/1  HMTS/s-BuLi 
as  initiator  and  THF  or  dimethylsulfoxide  (DMSO)  as  promoters.  The  P-s-M 
copolymers  are  prepared  in  DPE  solution,  while  the  P-s-P/M  copolymers  are 
prepared  in  DPE  solution  or  in  bulk.  The  yield  of  polymer  is  typically  75- 
90%.  The  reactivity  of  diphenyl  cyclic  trimer  is  slightly  greater  than  that 
of  the  dimethyl  or  methylphenyl  analogues,  as  shown  in  Table  1  which 
displays  the  feed  and  copolymer  composition  (determined  by  ?9Si  NMR  and 
FTIR)  of  several  poly (diphenylsiloxane-stat-dimethylsiloxane)  copolymers. 

It  should  be  noted  that  the  polymerization  of  the  cyclic  trimers  to 
form  block  and  statistical  polymers  of  controlled  architecture  and  molecular 
weights  is  the  result  of  the  polymerization  being  under  kinetic  control. 
Under  equilibrium  conditions,  the  polymer  is  in  equilibrium  with  cyclic 
species  and  the  polymer  can  be  the  minor  component3.  Veith  and  Cohen4  have 


Table  Z 

STATISTICAL  COPOLYMERS  OF  DIPHENYLSILOXANE  AND  DIMETHYLSILOXANE 
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examined  the  kinetics  of  ring-opening  siloxane  polymerizations.  Although  the 
initiation  of  polymerization  of  the  cyclic  trimers  with  lithium-based 
initiators  minimizes  the  tendency  towards  equilibration,  such  reactions  can 
occur  at  higher  temperatures  when  higher  concentrations  of  promoters  are 
present.  An  example  of  the  effect  of  higher  concentrations  of  a  promoter  on 
the  polymerization  of  HPTS  is  shown  in  Figure  3.  With  a  limited  concen¬ 
tration  of  the  THF  promotor  present,  the  yield  of  polydiphenylsiloxane 
approached  80%  and  remained  constant  with  additional  reaction  time.  In 
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contrast,  with  an  excess  amount  of  THF  present,  the  yield  of  polymer  also 
reached  approximately  80%,  but  then  rapidly  declined  as  the  system  began 
equilibrating,  with  conversion  of  the  polymer  to  the  cyclic  tetramer  as  the 
predominant  product . 


FIGURE  3 
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Random  Copolymer 

A  random  copolymers  of  diphenylsiloxane  and  phenylmethylsiloxane  was 
prepared  by  the  ring-opening  polymerization  of  the  cyclic  tetramers, 
octaphenylcyclotet rasiloxane  and  tet  raphenyltet  ramethycyclotet  rasiloxane . 

The  polymerizations  was  conducted  in  a  concentrated  (85%)  DPE  solution  at 
120°C,  using  KOH  a3  initiator.  Since  this  polymerization  is  a  equilibrium 
polymerization,  only  a  35%  yield  of  polymer  (MW  =  22,000)  was  obtained  after 
purification  by  repeated  precipitation  from  toluene  solution  with  MeOH  and 
heating  in  vacuum  at  high  temperatures  to  remove  the  remaining  cyclics  by 
sublimation . 

CH ARACTERI Z AT ION 

NMR  and  sequence- di.aLxibuti.Qn 

29Si  NMR  data  have  been  used  to  characterize  the  sequence  distribution 
of  the  random  and  statistical  copolymers  of  1/1  diphenylsiloxane  and 
phenylmethylsiloxane,  and  these  data  are  shown  in  Figure  4,  with  assignments 
of  the  various  peaks  as  given  by  Babu,  Christopher  and  Newmark5  and  by 
Ziemelis,  Lee  and  Saam3.  These  data  show  clearly  that  there  are  major 
differences  in  the  sequence  distributions  of  the  two  polymer  types.  In 
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29SI  NMR  OP  RANDOM  AND  STATISTICAL  COPOLYMERS  OF 
DIPHENYLS ILOXANE  AND  METHYLPHENYLS ILOXANE 


As  a  result  of  the  high  crystallinty  and  high  melting  point  of 
polydiphenylsiloxane,  polymers  and  block  copolymers  of  it  are  soluble  in 
very  few  solvents  and  then  only  at  high  temperatures .  This  makes  the 
molecular  characterization  of  such  polymers  quite  difficult.  However,  we 
found  that  it  was  possible  to  prepare  solutions  for  analysis  at  moderate 
temperatures  by  pouring  a  dilute  solution  of  the  polymers  in  DPE  (at  160'T) 
into  chloroform  at  50°C.  Although  the  solutions  are  unstable  and  the  polymer 
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will  eventually  crystallize  and  precipitate,  the  polymer  will  remain  in 
Solution  for  approximately  an  hour,  which  is  sufficient  time  for  the 
molecular  weight  and  its  distribution  to  be  determined  by  gel  permeation 
chromatography  (GPC) .  We  find,  in  general,  that  the  GPC  molecular  weights 
(based  on  polystyrene  standards)  agree  well  with  those  expected  from 
stoichiometry/  and  that  the  molecular  weight  distribution  can  be  quite 
narrow,  e.g.,  Mw/Mn  ~  1.1-1. 2.  Figure  5  shows  GPC  traces  obtained  during  the 
polymerization  of  a  P-M  diblock  copolymer 

FIGURE  5 
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Thermal  analysis  of  the  block  copolymers  shows,  as  expected,  the 
characteristic  transitions  of  the  homopolymers,  i.e.,  Tg  at  -125°C  and  ?m  at 
-40°C  for  the  dimethylsiloxane  block,  and  transitions  near  26Q°C  and  500°C 
for  the  diphenylsiloxane  block.  We  believe  the  260°C  transition  is  a 
crystal/liquid  crystal  transition  and  the  500°C  transition  is  the  transition 
to  the  isotropic  liquid  ("clearing  temperature").  Liquid  crystal  formation 
has  also  been  reported  for  other  polyorganos i loxanesf •  ; .  The  glass 
transition  of  polydiphenylsiloxane  is  not  directly  observable  because  of  its 
very  high  degree  of  crystallinity.  Literature  data3,b  for  the  glass 
transition  behavior  of  random  copolymer3  of  diphenylsiloxane  and  dimethyl¬ 
siloxane  (prepared  by  ring-opening  polymerization  of  the  cyclic  tetramers) 
are  not  particularly  informative  either  in  establishing  Tg  for  polydiphenyl¬ 
siloxane,  since  depending  on  the  extrapolation  used,  e.g.,  Tg  or  1/Tg  vs 
weight  or  mole  the  data  can  be  extrapolated  to  give  Tg  of  polydiphenyl¬ 
siloxane  between  13°C  and  60°C.The  variation  between  various  sets  of  data 
perhaps  can  be  understood  in  terms  of  sequence  distribution  when  it  is  noted 
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that  the  statistical  copolymers  of  this  investigation  have  Tg’s  approx¬ 
imately  20°C  above  those  of  their  random  counterparts. 

PHYSICAL  PROPERTIES 

Triblock  CQD.Qlvmexs  E-H-E 

Tri-block  copolymers  of  the  P-M-P  type  (with  polydimethylsiloxaneas 
the  major  component)  are  thermoplastic  elastomers  which  can  be  molded  (with 
difficulty)  at  very  high  temperatures  (>3Q0°C)  .  It  proved  to  be  more 
practical  to  prepare  samples  for  testing  by  casting  films  from  DPE  solution, 
even  though  it  was  difficult  to  prevent  flaws  in  the  films  from  bubbles  from 
the  high -temperature  evaporation  of  the  DPE  solvent.  Such  films  showed 
tensile  strength  properties  as  high  as  8  MPa  and  ultimate  elongations  above 
600%.  In  addition,  appreciable  mechanical  properties  were  retained  at 
temperatures  as  high  as  150°C  (at  the  highest  temperature  tested) .  However, 
in  order  to  avoid  the  difficult  processing  of  the  P-M-P  triblock  copolymers, 
we  examined  the  end-to-end  coupling  of  P-M-v  diblock  copolymers2  to  form 
tri-  and  star-block  copolymers  in  situ.  The  diblock  copolymers  are  soft 
pastes  which  are  easily  processed,  e.g.,  by  compression  molding  or 
extrusion,  after  which  the  reactive  terminal  vinyl  groups  on  the 
polydimethylsiloxane  block  allow  the  diblock  copolymer  to  be  coupled  to  give 
the  desired  tri-  and  star-block  copolymers. 

Coupled, diblock  _CQPolvmer3  P-M-v 

The  effect  of  the  number  of  terminal  vinyl  groups  and  of  molecular 
weight  on  the  tensile  properties  of  coupled  P-M-v  diblock  copolymers  is 
shown  in  Table  II. 

Table  II 

TENSILE  PROPERTIES  OP  COUPLED  P-M-v  COPOLYMERS 


Sample 

Vinyl 

unit3 

HPTS 

mol  % 

MW 

x  10-3 

Tensile  strength 

MPa 

Elongation 

% 

DB3 

1 

20 

102 

0.4 

195 

DB4 

10 

20 

70 

2.7 

90 

DB5 

16 

27 

72 

5.0 

70 

DB6 

16 

27 

150 

9.8 

195 

The  vinyl-specif ic  peroxide  2,5  dimethyl- 2, 5  di (t -butylperoxy) hexane  was 
used  for  coupling  through  the  terminal  vinyl  groups  (3  phr,  15  min.  at 
170°C) .  The  data  in  Table  II  show  that  the  strength  properties  increase  with 
increasing  numbers  of  terminal  vinyl  groups,  most  likely  as  the  tesult  of 
increased  coupling  efficiency.  The  tensile  strength  of  Sample  DB6  approaches 
the  highest  levels  attainable  with  conventional  silica-reinforced  silicone 
elastomers,  in  spite  of  the  fact  that  these  3tar-block  copolymers  are  not 
filled  (in  the  conventional  sense). 
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Since  a  silica  filler  is  necessary  in  conventional  silicone  elastomers 
to  achieve  appreciable  strength  properties,  it  was  of  interest  to  See  if  the 
addition  of  a  silica  filler  to  our  block  copolymer  systems  would  lead  to  a 
further  enhancement  of  properties.  Various  amounts  of  a  hydrophobic  silica 
(Cab-O-Sil  N70-TS)  were  added  by  mill  mixing  to  a  P-M-v  block  copoymer  (70K- 
110K-2.5K).  After  coupling  (3.5  phr  of  2,5  dimethyl-2,5  di (t-butylperoxy) - 
hexane,  15  min.  at  170°C)  ,  it  was  found  that  the  mechanical  properties  were 
improved,  and  the  improvement  maximized  with  the  addition  of  about  20  phr  of 
3ilica.  At  this  concentration  the  tensile  strength  increased  from  4  MPa  to 
8.5  MPa  and  the  ultimate  elongation  increased  from  400%  to  650%.  The  100% 
modulus  remained  more-or-less  constant  until  the  silica  concentration  was 
above  20  phr.  Additional  experiments  are  required  to  determine  if  similar 
improvements  will  occur  when  the  polymer  itself  has  inherent  strength 
properties  comparable  to  the  values  achieved  here  with  added  filler. 


SUMMARY 

Table  III  summarizes  our  results  on  the  effect  of  molecular 
architecture  on  the  character  of  siloxane  homopolymers  and  copolymers. 

Table  III 
SILOXANE  POLYMERS 


P  =  DIPHENYLS I LOXANE 

POLYMER 


MW  =  100,000 


P  homopolymer 
M  homopolymer 

P-M  random  copolymer  (30-70) 

P-H  statistical  copolymer  (30-70) 

P-M  diblock  copolymer  (30-70) 

P-M-P  triblock  copolymer  (15-70-15) 
(P-M-)n  starblock  copolymer  (15-35-)n 


M  =  DIMETHYLS ILOXANE 
CEASACIER 

rigid,  crystalline  solid 
viscous  liquid 
sticky  gum 

flexible  elastic  solid 
paste-like 

"snappy"  tough  elastomer 
"snappy"  tough  elastomer 
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ABSTRACT 

By  probing  the  localized  segmental  motion  of  isotope- labeled  block 
copolymers,  the  physical  nature  of  the  interphase  region  between  microphase- 
separated  domains  of  block  polymers  was  examined.  Dynamic  infrared  linear 
dichroism  (DIRLD)  spectroscopy,  which  measures  the  reorientations  of  submole- 
cular  structures  induced  by  a  small- amplitude  oscillatory  strain,  was  com¬ 
bined  with  specific  isotope-labeling  using  deuterium-substituted  monomers. 
The  latter  technique  enabled  us  to  differentiate  the  dynamic  responses  of 
well-defined  parts  of  block  segments,  e.g.,  near  the  segment  junction,  chain 
end,  or  middle  of  the  block.  The  degree  of  segmental  interactions  near  the 
interphase  region  of  styrene-isoprene  diblock  copolymers  were  studied  as  a 
function  of  the  segment  location  and  temperature.  The  reor ientat ional 
motion  of  the  polystyrene  segment,  especially  near  the  block  junction,  was 
monitored  around  the  glass  transition  temperature  of  the  polyisoprene 
matrix.  From  this  result,  the  degree  of  segmental  mixing  in  the  interphase 
region  which  leads  to  local  plasticization  of  the  polystyrene  segment  was 
determined . 


INTRODUCTION 

Block  copolymers  owe  their  unique  properties  to  the  molecular  archi¬ 
tecture  consisting  of  different  polymer  segments  joined  together  by  a  co¬ 
valent  bond.  The  repulsive  interactions  between  dissimilar  block  segments 
often  results  in  microphase  separation  where  the  size  of  the  phase  domain  is 
restricted  to  a  scale  comparable  to  the  block  segment  length.  It  has  been 
postulated  for  some  time  that  the  boundary  between  the  adjacent  microphase 
domains  is  not  a  sharp  two-dimensional  layer  but  rather  a  region  of  finite 
thickness  characterized  by  a  substantial  intermixing  of  different  block  seg¬ 
ments.  The  existence  of  the  microdomain  interphase  [1]  due  to  the  diffuse 
concentration  gradient  across  the  boundary  has  been  predicted  by  statistical 
thermodynamic  theories  based  on  the  mean-field  approach  [2,3).  The  results 
of  several  experimental  works  (e.g.,  the  systematic  deviation  of  SAXS  inten¬ 
sity  profiles  from  the  behavior  of  sharp-boundary  systems  described  by 
Porod's  law  [4,5]  and  the  modeling  of  rheological  behavior  measured  by  dy¬ 
namic  mechanical  analysis  [6])  support  the  view  of  a  segmentally  mixed  inter¬ 
phase.  Different  models,  such  as  a  coarse  interface  with  a  sharp  boundary 
[7],  may  also  account  for  some  of  the  observed  results. 

Spectroscopic  techniques  which  can  provide  direct  information  at  a 
molecular  scale  are  especially  suited  for  probing  the  presence  of  segmental 
mixing  at  the  interphase.  Recent  NMR  studies  [8)  of  isotope- labeled  block 
copolymers  with  relatively  low  molecular  weights,  for  example,  reveal  the 
existence  of  substantial  segmental  interactions  at  the  domain  boundary.  We 
used  a  recently  developed  analytical  technique  called  dynamic  infrared 
linear  dichroism  (DIRLD)  spectroscopy  in  conjunction  with  the  selective 
deuterium  labelling  of  well-defined  portions  of  the  block  segment  to  investi¬ 
gate  the  submolecular  environment  of  microphase  separated  block  copolymers. 
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BACKGROUND 

DIRLD  spectroscopy  [9,10]  is  a  rheo-optical  polymer  characterization 
technique  based  on  the  combination  of  dynamic  mechanical  analysis  and  IR 
dichroism  spectroscopy.  In  this 
technique,  a  polymer  sample  is  de¬ 
formed  with  a  small -amplitude  oscil¬ 
latory  strain,  and  strain-induced  IR 
dichroism  (i.e.,  difference  in  absor¬ 
bances  between  the  directions  paral¬ 
lel  and  perpendicular  to  the  applied 
strain)  is  monitored  with  polarized 
light  as  a  function  of  time,  temper¬ 
ature,  and  IR  wavenumber  (Fig.  1). 

Dynamic  dichroism  induced  by  the 
applied  strain  is  directly  related 
to  the  local  reorientational  motions 
of  polymer  molecules.  Thus,  DIRLD 
spectroscopy  can  be  used  as  a  power-  Fig.  1.  Schematic  representa- 

ful  tool  to  probe  the  detailed  local  tion  of  a  DIRLD  spectrometer, 

dynamics  of  polymer  chains. 

For  a  small -amplitude  sinusoidal  strain,  e(t)=  e  sin  wt,  the  dynamic 
variation  of  dich-oic  difference  aX(v,  t)  is  given  by 

aX(v,  t)  =  &Af(v)  sin  wt  +  AA *'(v)  cos  ojt  (1) 

where  the  wavenumber  dependent  terras,  AA'(v)  and  AA"(v),  are  referred  to  as 
the  in-phase  and  quadrature  spectrum  of  dynamic  dichroism.  These  spectra 
represent,  respectively ,  the  components  of  dynamic  dichroism  proportional  to 
the  extent  and  rate  of  applied  strain.  From  a  pair  of  such  DIRLD  spectra, 
strain- induced  reorientations  of  various  functional  groups  contributing  to 
individual  molecular  vibrations  can  be  determined.  Figure  2  shows  a  typical 
set  of  DIRLD  spectra.  A  positive  peak  indicates  the  dipole- transit  ion 
moment  associated  with  the  band  is  reorienting  parallel  to  the  strain  di¬ 
rection,  while  negative  peaks  indicate  perpendicular  reorientations. 


2350  2200  2050 

Navenumbe r 


Fig.  1.  DIRLD  spectra  of  deuterium-substituted  atactic  polystyrene 
obtained  under  a  23-Hz  oscillatory  strain  at  room  temperature. 
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EXPERIMENTAL  SECTION 


Polymer  synthesis:  A  series  of  styrene  and  isoprene  block  and  homo¬ 

polymers  were  synthesized  by  anionic  polymerization.  Cyclohexane  (Burdick 
and  Jackson  HPLC  Grade)  was  degassed  and  passed  through  columns  containing 
activated  alumina  and  molecular  sieves.  Dibutyl  magnesium  and  s-butyl  lithi¬ 
um  were  used  as  received  from  Lithium  Corp.  of  America.  Styrene  (Aldrich) 
was  purified  by  titration  with  dibutyl  magnesium  then  passed  through  an  acti¬ 
vated  alumina  column  under  an  inert  atmosphere  to  remove  magnesium  salts. 
Deuterated  styrene-d8-(98%)  (Cambridge  Isotopes  Labs)  was  purified  similarly 
to  styrene.  Isoprene  was  provided  by  the  Goodyear  Tire  &  Rubber  Company. 

The  reactions  were  carried  out  in  Chemco  reactors  as  described  in 
Ref.  11.  A  reactor  at  60°C  was  charged  with  the  appropriate  amount  of  sty¬ 
rene  and  cyclohexane.  This  was  titrated  slowly  with  s-butyl  lithium  till 
the  first  yellow  persistent  color  was  obtained.  The  calculated  charge  of 
butyl  lithium  was  then  added  to  obtain  the  desired  molecular  weight.  The 
second  purified  monomer  was  added  after  one  hour  to  ensure  complete  conver¬ 
sion.  By  these  steps  block  copolymers  were  synthesized  consisting  of  sty¬ 
rene,  deutero  styrene,  and  isoprene  blocks.  The  copolymers  were  terminated 
with  degassed  isopropanol  and  stabilized  with  Irganox  1010.  The  molecular 
weights  and  molecular-weight  distributions  of  polymers  were  analyzed  by  GPC 
(Ultra  Styragel  columns  ranging  from  103  to  106  A  porosities  in  THF).  Com¬ 
positions  were  determined  using  a  combination  of  2H  and  13C  NMR  (GE  QE300). 
Films  of  these  copolymers  were  prepared  by  dissolving  an  appropriate  amount 
of  copolymer  in  toluene  and  allowing  this  solution  to  slowly  evaporate  from 
a  Teflon  mold.  After  being  allowed  to  air  dry  for  48  hours,  the  films  were 
vacuum-dried  at  room  temperature  for  12  hours  then  annealed  under  vacuum  for 
8  hours  at  125°C.  The  sample-film  thickness  was  selected  so  that  the  IR 
transmittance  for  the  phenyl  band  at  2280  cm  1  was  approximately  10%. 

DIRLD  Analysis:  Dynamic  dichroism  data  were  obtained  with  the  time- 

resolved  IR  spectrometer  described  in  Ref.  10.  The  IR  dichroism  measurement 
was  carried  out  by  mechanically  perturbing  the  sample  films  at  specified  tem¬ 
peratures  with  an  oscillatory  tensile  strain  (ca.  0.1%  amplitude  and  23-Hz 
frequency)  and  recording  the  time -dependent  fluctuations  of  directional  IR 
absorbances  induced  by  the  perturbation  at  a  spectral  resolution  of  8  cm"  . 
The  effect  of  small  variations  in  sample  thickness  and  deformation  amplitude 
were  corrected  by  normalizing  the  results  to  a  condition  of  0.1%  strain  amp¬ 
litude  and  10%  IR  transmittance  for  the  phenyl  ring  band  at  2280  cm"1. 
All  spectra  were  plotted  on  the  same  scale  as  Fig.  2  except  for  the  room 
temperature  traces  on  Figs.  4  and  6  which  were  expanded  by  20X. 


RESULTS 

The  in-phase  and  quadrature  DIRLD  spectra  and  normal  IR  absorbance 
spectrum  of  perdeuterated  atactic  polystyrene  (PS)  obtained  under  an  oscil¬ 
latory  deformation  have  already  been  shown  in  Fig.  2.  Peaks  located  at  2100 
and  2180  cm  1  are  assigned,  respectively,  to  the  symmetric  and  asymmetric 
CD2-stretching  modes  of  the  PS  mainchain  backbone.  The  peak  near  2280  cm’1 
is  attributed  to  the  CD-stretching  vibrations  of  phenyl  ring  side  groups. 
The  dipole-transition  moments  for  the  CD2  modes  are  oriented  perpendicular 
to  the  backbone  of  the  polymer  chain;  they  are  also  oriented  orthogonal  to 
each  other.  The  sign  of  the  two  DIRLD  peaks  for  the  CD2-stretching  vibra¬ 
tions  are  both  negative,  indicating  that  the  electric  dipole-transition 
moments  associated  with  the  peaks  are  both  reorienting  in  the  direction  per¬ 
pendicular  to  the  sample-stretch  direction.  Thus,  the  molecular  chain  of  PS 
is  reorienting  parallel  to  the  direction  of  the  applied  tensile  strain. 
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Another  dynamic  dichroism  peak.,  associated  with  the  reorientation  of 
phenyl  groups  attached  to  the  main  chain,  is  observed  near  2280  cm"1.  The 
positive  sign  of  this  peak  indicates  that  the  reorientation  of  dipole-transi¬ 
tion  moments  of  phenyl  ring  CD-stretching  vibrations  of  perdeuterated  PS  oc¬ 
cur  predominantly  in  the  direction  parallel  to  the  applied  strain.  The  com¬ 
plete  identification  of  side  group  reorientation  direction,  however,  is  not 
straightforward,  since  the  peak  consists  of  several  overlapping  bands  corre¬ 
sponding  to  different  types  of  CD-stretching  vibrations  of  phenyl  rings. 


Significant  changes  are  observed  for  DIRLD  spectra  when  the  tempera¬ 
ture  is  raised  above  the  glass-to-rubber  transition  (Tg)  of  PS.  Figure  3 
shows  a  comparison  of  DIRLD  spectra  for  perdeuterated  PS  in  the  glassy  (a) 
and  rubbery  (b)  state.  In  going  from  the  glassy  to  the  rubbery  state,  the 
magnitude  of  dynamic  dichroism  is  decreased  for  all  peaks,  and  the  sign  of 
the  peak  associated  with  the  reorientation  of  phenyl  rings  near  2280  cm  1 


is  inverted.  The  dipole-transition 
moments  of  phenyl  groups  in  rubbery 
PS  are  predominantly  reorienting  in 
the  direction  perpendicular  to  the 
applied  strain.  Such  shifts  of  the 
local  orientational  motions  of  func¬ 
tional  groups  are  believed  to  be  a 
consequence  of  a  change  in  the  sub- 
molecular  environment,  e.g.,  the 
local  free  volume  accessible  to  the 
reorienting  groups.  Thus,  the  chara¬ 
cteristic  inversion  of  the  dynamic 
dichroism  peak  for  the  phenyl  groups 
above  and  below  Tg  may  be  used  as  a 
molecular  level  indicator  of  the  glass 
transition  phenomenon. 


Fig.  3.  DIRLD  spectra  of  per¬ 
deuterated  PS  below  and  above  Tg. 


Figure  A  shows  the  CD-stretching  region  of  DIRLD  spectra  at  -70°C  and 
30°C  for  a  1:3  homopolymer  blend  of  perdeuterated  PS  and  hydrogenous  poly- 
isoprene  (PI)  and  for  a  microphase-separated  diblock  copolymer  made  of  a 
perdeuterated  PS  segment  and  hydrogenous  PI  segment.  The  molecular  weights 
of  the  blend  components  are  about  100,000  each,  while  those  of  PS  and  PI 
blocks  are  50,000  and  150,000  respectively.  For  both  systems,  macro-  or 
microphase- separated  domains  of  PS  components  are  dispersed  in  a  continuous 
PI  matrix.  Because  of  the  selective  deuterium  substitution,  the  DIRLD  spec¬ 
tra  in  this  wavenumber  region  show  only  the  dynamic  reorientation  of  PS  com¬ 
ponents. 


(c) 


PS/PI  biend  30°C 


i  r 
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Fig.  A.  DIRLD  spectra  at  -70°C  and  30°C  for 
a  homopolymer  blend  and  diblock  copolymer. 
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At  -70°C,  the  basic  feature  of  DIRLD  spectra  for  both  blend  and  block 
copolymer  is  very  similar  to  that  of  the  spectra  for  pure  PS  at  room  tempera¬ 
ture  (Fig.  2).  DIRLD  spectra  for  these  heterogeneous  systems  all  exhibit 
characteristic  glassy  responses  with  positive  peaks  for  phenyl  groups.  Such 
results  are  expected  since  PS  and  PI  phases  at  -70°C  are  both  in  the  glassy 
state.  Consequently,  the  applied  strain  is  evenly  distributed  within  the 
system  as  in  pure  glassy  PS.  At  room  temperature,  on  the  other  hand,  de¬ 
formation  should  occur  predominantly  in  a  rubbery  PI  phase.  As  long  as  the 
dispersed  PS  phase  remains  rigid,  no  significant  orientational  motions  of 
segments  in  glassy  PS  domains  should  be  expected.  Interestingly,  while  the 
DIRLD  spectra  of  the  PS/PI  blend  at  room  temperature  (Fig,  Ac)  have  no  sig¬ 
nificant  peaks  to  indicate  the  existence  of  PS  segmental  motion,  spectra  of 
the  SI  block  copolymer  (Fig.  4d)  clearly  show  peaks  associated  with  dynamic 
reorientation  of  the  PS  segments.  The  sign  of  the  dynamic  dichroism  peak 
for  the  phenyl  ring  in  Fig.  4d  is  negative,  which  is  a  characteristic  of  the 
response  of  rubbery  PS.  For  pure  PS,  such  a  response  can  be  observed  only 
at  temperatures  well  above  100°C.  This  result  shows  that,  even  at  room 
temperature,  a  portion  of  the  PS  segment  apparently  is  in  a  plasticized 
state  where  the  chain  can  move  around  in  a  manner  similar  to  those  at  tem¬ 
peratures  above  Tg. 

The  response  of  the  PS  segment  of  the  SI  block  copolymer  at  room  tem¬ 
perature  could  be  exHa'  led  by  the  possible  existence  of  a  diffuse  inter¬ 
phase  region  between  ,..i  .^domains  where  substantial  mixing  of  PS  and  PI  seg¬ 
ments  is  believed  tu  take  place.  Such  mixing  can  plasticize  PS  segments, 
causing  them  to  '  .iave  like  rubber.  To  test  this  hypothesis,  two  types  of 
selectively  segment- labeled  block  copolymers  consisting  of  PS  and  PI  blocks 
(block  MW  <u  50,000  and  150,000)  were  studied.  The  PS  block  is  further 
divided  Into  two  distinct  subsegments:  deuterium-substituted  and  hydrogenous 
portions.  A  deuterium- labeled  subsegment  (MW  of  10,000)  is  placed  either  at 
the  tail  end  of  the  PS  block  (Fig.  5a)  or  near  the  junction  with  the  PI 
block  (Fig.  5b).  While  the  part  of  the  PS  segment  at  the  tail  end  of  the 
copolymer  may  concentrate  at  the  interior  of  the  microdomain  (Fig.  5c),  the 
part  near  the  block  junction  is  expected  to  be  located  close  to  the  domain 
boundary  region  (Fig.  5d).  Thus,  if  plasticization  of  the  PS  segment  occurs 
in  the  diffuse  interphase  region  between  microdomains,  the  molecular  mobili¬ 
ty  of  the  segment  near  the  junction  is  expected  to  be  much  higher  than  the 
tail  end. 


Fig.  5.  Tail-labeled  (a)  and  junction- labeled  (b)  SI  diblock  copolymers 
and  their  spatial  distributions  in  the  microphase- separated  domains.  The 
deuterium- labeled  portion  of  each  PS  block  is  indicated  by  (*— »*  ). 
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The  DIRLD  spectra  of  the  selectively  segment' labeled  SI  diblock  co¬ 
polymers  at  -70°C  (Figs.  6a  and  b)  show  typical  glassy  response  of  PS.  For 
the  junction- labeled  block  (Fig.  6d),  a  rubber- like  reorientation  response 
similar  to  that  of  the  fully  labeled  block  (Fig.  Ad)  is  observed  at  room  tem¬ 
perature.  Thus,  PS  segments  near  the  junction  appear  to  be  plasticized, 
most  likely  by  intermixing  with  PI  segments.  DIRLD  signals  for  the  tail- 
labeled  block  (Fig.  6c),  on  the  other  hand,  virtually  disappear  at  room  tem¬ 
perature.  The  core  of  the  PS  raicrodomain,  where  the  tail  ends  of  the  block 
segments  are  concentrated,  remains  in  the  rigid  glassy  state.  Unlike  the 
rubbery  PI  matrix  or  plasticized  interphase,  significant  segmental  reorienta¬ 
tions  do  not  take  place  in  this  part. 


(c)-  __ 
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Fig.  6.  DIRLD  spectra  at  ~70°C  and  30°C  for 
selectively  segment- labeled  SI  diblock  copolymers. 


CONCLUSIONS 

DIRLD  analysis  of  PS  above  and  below  the  Tg  reveals  the  existence  of 
distinct  reorientational  molecular  motions  characteristic  of  rubbery  and 
glassy  states.  Diblock  copolymers  consisting  of  PS  and  PI  blocks  show  cer¬ 
tain  rubber- like  DIRLD  response  of  PS  segments  at  a  temperature  well  below 
the  Tg  of  normal  PS  homopolymer.  By  using  selectively  segment- labeled  block 
copolymers,  it  was  found  that  the  rubber-like  behavior  of  the  PS  block  at 
room  temperature  takes  place  predominantly  in  the  segment  near  the  PS-PI 
junction.  Meanwhile,  the  tail  end  of  the  PS  block  remains  glassy.  This 
result  is  consistent  with  the  model  that  the  PS  segment  near  the  block 
junction  is  located  in  a  diffuse,  segmentally  mixed  interphase  region  where 
the  PS  segment  is  plasticized  by  PI,  thus  leading  to  rubber-like  behavior. 
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ABSTRACT 

Polymer  solutions  comprising  stiff -chain  polyester  and  flexible  polysulfone  were 
examined  via  light  scattering  techniques.  Results  were  analyzed  using  the  Stein- 
Wilson  extension  of  the  Debye-Bueche  theory,  in  which  the  correlation  lengths  due  to 
orientation  fluctuations  and  mean-squared  fluctuations  of  the  molecular  anisotropy 
were  obtained.  For  a  molecular  dispersion,  the  correlation  length  is  small  and  a 
function  of  concentration;  as  the  anisotropy  is  attributed  to  the  rod  molecules. 
Aggregation  of  rods  is  associated  with  an  increase  in  the  magnitude  and  size  of  the 
density  fluctuations,  and  a  change  in  anisotropy  fluctuations  is  dependent  on  the 
degree  of  orientation  correlation  of  the  rods  in  the  aggregate.  Blends  prepared  by 
solution  casting  were  studied  by  a  small-angle  light  scattering  method.  Results  thus 
far  demonstrate  that  aggregates  are  present  in  most  of  the  rod/coil  composites 
prepared. 


INTRODUCTION 

Molecular  composites  comprising  stiff-chain  molecules  and  flexible  matrices 
offer  potential  advantages  over  the  conventional  composites  in  terms  of  processing, 
optical  and  certain  mechanical  properties.  However,  attempts  to  prepare  molecular 
composites  with  a  true  molecular  dispersion  have  often  been  unsuccessful.  This  may 
be  explained  by  the  theories  of  Onsager  [1]  and  Flory  [2],  which  stated  that  rod 
molecules  are  not  soluble  in  random  coil  polymers. 

Preparation  of  molecular  composites  usually  employs  solutions  of  rods  and 
coils,  where  aggregation  of  rods  may  often  be  present  prior  to  or  during  the  making  of 
the  composite.  In  this  case,  the  light  scattering  technique  can  be  used  to  characterize 
the  state  of  dispersion  of  the  rod  molecules  in  these  solutions.  Light  scattering  studies 
of  dilute  solutions  of  isotropic  molecules  and  of  anisotropic  molecules  [3-5]  are  well 
developed;  however  studies  of  concentrated  solutions  comprising  rod  and  coil 
molecules  are  rare.  It  is  conceivable  that  one  can  use  the  Stein-Wilson  theory  [6] 
extended  from  the  Debye-Bueche  approach  [7]  to  determine  the  correlation  functions 
for  both  density  and  orientation  fluctuations  in  these  solutions. 

In  a  binary  solution  of  rod  molecules,  intensity  measured  from  polarized  light 
scattering  (Vv)  is  attributed  to  the  density  plus  orientation  fluctuations  of  the  rods, 
whereas  intensity  of  the  depolarized  light  scattering  (Hv)  is  only  due  to  orientation 
fluctuations.  For  a  solution  comprising  rod  and  coil  molecules,  intensity  of  Hv 
scattering  is  mostly  from  the  orientation  fluctuations  of  rods,  but  not  appreciably  from 
the  isotropic  coils,  whereas  intensity  of  Vv  scattering  is  from  the  combination  of  density 
and  orientation  fluctuations  of  both  rods  and  coils.  Therefore,  the  measurements  of  Hv 
scattering  reflect  the  state  of  molecular  dispersion  of  the  rods. 

In  many  systems,  the  orientation  correlation  function  f(r)  can  be  represented  by 
the  empirical  exponential  equation  [8] 

f(r)=exp(-r/a)  (1) 
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where  "r*  is  the  scattering  distance  and  "a”  is  a  correlation  length.  In  the  case  of 
randomly  correlated  assemblies  of  rods,  intensities  measured  from  Hv  and  Vv 
scattering  can  be  expressed  as 

lHV(q)=K<T12>(a03/(1+q2ao2)2)  (2) 

lw(q)=K[15<62>(af3/(1  +q2af2)2)+(4/3)<n2>(a03/(l+q2a02)2)]  (3) 

where  K  is  a  constant,  depending  on  the  number  of  rod  molecules,  the  scattered 
volume  and  the  wavelength  of  the  light;  <&2>  and  2>  are  mean-squared  fluctuations 
of  two  average  refractive  indices  and  its  anisotropy,  respectively;  a,-,  and  a,,  are 
correlation  lengths  from  the  orientation  and  density  fluctuations,  respectively;  and  q  is 
the  magnitude  of  the  scattering  vector.  It  is  noted  that  a  plot  of  lHy(q)'1/2  vs.  q2  should 
be  linear  with  a  (slope/intercept)  equal  to  a Iq,  and  a  plot  of  (lw(q)-(4/3)lHV(q)r/2  vs.  q2 
should  determine  ar.  This  approach  is  referred  to  as  the  Debye-Bueche  plot. 

In  this  work,  it  is  our  intention  to  characterize  the  orientation  correlation  of  rod 
molecules  in  rod/coil  solutions  by  using  the  depolarized  light  scattering  technique.  A 
change  in  orientation  correlation  lengths  will  reveal  information  about  the  state  of 
dispersion  of  rods  in  these  solutions.  Additional  work  also  includes  the  small-angle 
light  scattering  s  udy  of  polymer  films  prepared  from  solutions  with  various  rod/coil 
ratios.  The  purpose  of  this  study  is  to  correlate  the  phase  behavior  of  solid  blends  with 
that  of  the  concentrated  solutions. 


EXPERIMENTAL 


Materials  and  Sample  Preparation 


The  stiff-chain  polymer  is  a  wholly  aromatic  polyester  containing  substituent 
groups  on  the  aromatic  rings.  This  material  is  synthesized  by  Polaroid  Corp., 
Cambridge  MA  [9],  and  has  a  chemical  structure  as  shown: 


1  n  r 


The  substituting  groups  have  improved  the  solubility  in  many  solvents,  including 
tetrahydrofuran  (THF)  which  was  used  in  this  work.  This  polyester  is  completely 
amorphous  with  a  glass  transition  temperature  of  1 1 0°C,  but  exhibits  thermotropic 
behavior.  No  lyotropic  behavior  has  been  observed,  even  as  the  solution 
concentration  exceeds  50%  (w/v),  the  maximum  solubility  in  THF.  Its  weight-average 
molecular  weight  Mw  is  21800,  determined  by  light  scattering  measurements  on  dilute 
solutions.  The  flexible  polymer  is  a  polysulfone  (from  Aldrich  Chemical),  which  has  a 
Mw  of  30,000  and  is  also  soluble  in  THF.  The  glass  transition  temperature  of  the 
polysulfone  is  about  1 80°C.  Solutions  of  various  concentrations  were  prepared, 
ranging  from  0.1%  to  30%  (w/v),  with  different  rod/coil  ratios.  Dry  polymer  films,  a  few 
microns  thick,  were  obtained  by  spin-coating  of  these  solutions.  These  films  were 
annealed  above  the  glass  transition  temperatures  of  both  polymers  to  equilibrate  their 
phase  behavior. 


Instrumentation 

A  laser  light  scattering  goniometer  (Brookhaven  Instrument  Corp., 
Ronkonkoma,  NY),  was  used  to  collect  the  scattering  data  in  polymer  solutions  This 
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instrument  consists  of  a  1 5mW  He-Ne  laser,  polarizer/analyzer  and  an  automated 
photomultiplier/goniometer,  that  is  capable  of  measuring  both  polarized  and 
depolarized  light  scattering.  Toluene,  whose  Rayleigh  ratio  and  depolarization  ratio 
are  known  MO],  was  used  as  a  calibrient.  Absolute  scattered  intensity  was  calculated 
after  suitable  corrections  were  made,  which  included  the  corrections  for  scattering 
volume,  reflection,  refraction,  absorption,  multiple  scattering  and  dark  current 
subtraction  [1 1],  Multiple  scattering  was  proven  insignificant  at  the  range  of  the 
chosen  concentrations.  The  small-angle  light  scattering  device  consisting  of  a  two- 
dimensional  optical  multichannel  analyzer  (OMA3,  by  EG&G  PARC,  Princeton,  NJ),  a 
2mW  He-Ne  laser,  and  assemblies  of  optical  components,  was  utilized  to  characterize 
the  polymer  films.  The  detail  of  this  device  has  been  described  before  [1 2]. 


RESULTS  AND  DISCUSSION 

The  non-coplanar  biphenyl  unit  coupled  with  the  random  configuration  of 
repeat  unit  dipoles  in  the  chosen  polyester  has  significantly  increased  the  solubility  in 
THF.  Though  the  solutions  show  evidence  of  the  molecules  being  stiff  (Mark-Howink 
exponent  is  1.1),  no  lyotropic  behavior  has  been  observed,  even  when  solution 
concentration  approaches  50%  (w/v).  This  may  be  attributed  to  the  intermolecular 
interactions  which  oppose  the  aggregation  of  anisotropic  molecules  and/or  the 
unusually  large  molecular  diameter  which  may  reduce  the  molecular  aspect  ratio  below 
the  level  requiring  for  the  formation  of  an  order  phase.  It  is  thought  that  this  system 
may  offer  a  unique  opportunity,  that  molecules  are  stiff  enough  to  give  reinforcement  in 
a  blend,  but  permit  solubility  in  a  flexible  coil  matrix  to  form  true  molecular  dispersion. 

A  phase  diagram  of  the  solutions  containing  stiff-chain  polyester  and  flexible 
polysulfone,  determined  by  a  laser  cloud-point  measurement,  is  shown  in  Figure  1 .  It 
is  noted  that  above  the  phase  line,  a  miscible  single-phase  region  is  present,  where 
below  this  boundary,  the  immiscible  multiple-phase  systems  occur.  The  phase 
separation  in  high  concentrations  is  expected,  since  the  entropy  of  mixing  is 
unfavorable  for  mixtures  of  rods  and  coils.  It  is  conceivable  that  although  strong 
repulsive  interactions  are  present  among  the  stiff  molecules,  the  unfavorable  entropy 
of  mixing  prevents  the  molecular  dispersion  of  these  molecules  at  high  concentrations. 


THF 


Figure  1 .  Phase  diagram  of  solutions  of  stiff-chain  polyester  and  flexible  polysulfone. 
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Figure  2.  Plot  of  the  orientation  correlation  length  vs.  polyester 
concentration  at  various  rod/coil  ratios. 

Results  from  the  Debye-Bueche  plot  of  depolarized  Intensity  (Hv)  for  the  rod/coil 
solutions  in  the  single-phase  region  are  illustrated  in  Figure  2,  where  the  orientation 
correlation  lengths  are  plotted  against  the  polyester  concentration  at  various  rod/coil 
ratios.  These  characteristic  lengths  represent  the  correlation  of  the  orientation 
fluctuations  of  the  rod  molecules,  which  reflect  the  state  of  anisotropic  molecular 
dispersion.  An  increase  in  the  orientation  correlation  length  indicates  that  the 
molecular  dispersion  becomes  unfavorable  and  the  rods  tend  to  aggregate.  This  is 
seen  in  Figure  2,  where  the  correlation  length  increases  with  polyester  concentration 
and  also  increases  with  the  coil  composition.  The  addition  of  coil  molecules  obviously 
enhances  the  segregation  of  rods  and  coils;  the  entropy  of  mixing  is  so  unfavorable 
that  it  has  hindered  the  molecular  dispersion. 

Similar  results  are  found  from  the  small-angle  light  scattering  (SALS)  study  of 
polymer  films.  Figure  3  shows  photographs  of  the  Hv  scattering  patterns  at  six 
different  rod/coil  compositions.  In  this  figure,  the  pure  polyester  exhibits  a  0/90  cross 
pattern,  which  has  been  reported  before  [13],  whereas  an  increase  in  the  coil  content 
changes  this  pattern  to  a  45°  cloverteaf  shape.  The  azimuthal  dependence  of  the  Hv 
pattern,  which  may  be  due  to  the  interactions  between  the  anisotropic  and  isotropic 
domains,  indicates  non-random  orientation  correlations  which  also  suggests 
aggregation.  It  was  verified  via  Vv  scattering,  optical  microscopy  and  DSC  analysis 
that  phase  separation  occurred  at  the  high  coil  content.  Intensity  obtained  from  Vv 
scattering  was  always  stronger  than  that  from  Hv  (about  2  times),  an  indication  of 
phase  separation,  since  aggregation  of  rods  is  associated  with  an  increase  in  the 
magnitude  and  size  of  the  density  fluctuations.  Such  an  observation  was  consistent 
with  the  optical  microscopic  observation  of  isolated  anisotropic  domains.  Results  from 
DSC  showed  two  glass  transition  temperatures,  again  indicating  two  separate  phases. 
However  a  slight  glass  temperature  shift  suggested  that  a  partial  miscibility  might  be 
present. 

A  particularly  interesting  case  is  the  blend  made  of  7/1  rod/coil  ratio.  As  seen  in 
Figure  3,  the  Hv  scattering  pattern  of  this  blend  remains  a  0/90  cross  shape,  similar  to 


129 


that  of  the  polyester,  which  suggests  that  its  orientation  correlation  resembles  pure 
polyester.  In  the  polymer  films,  Hv  scattering  is  angularly  dependent,  therefore  the 
previous  equations  derived  for  the  random  assemblies  of  rods  are  no  longer 
applicable. 


Figure  3.  Photographs  of  Hv  scattering  of  polymer  films  prepared 
from  various  rod/coil  ratio  solutions. 
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Figure  4.  Depolarization  ratio  of  total  integrated  intensity  vs.  polyester  composition. 
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However,  the  state  of  molecular  dispersion  in  these  films  can  be  estimated  by  the  use 
of  total  integrated  intensity  Q  [1 4],  This  is  seen  in  Figure  4,  where  the  depolarization 
ratio  (Ony/Ovy)  of  total  integrated  intensity  vs.  the  polyester  concentration  is 
illustrated.  It  is  noted  that  the  depolarization  ratio  of  the  polyester  and  that  of  a  blend 
of  a  7/1  rod/coil  ratio  are  both  about  unity.  This  observation  indicates  that  the 
magnitude  of  orientation  fluctuations  dominate  the  scattered  intensity  and  that  of 
density  fluctuations  is  small,  which  implies  phase  separation  may  not  occur  in  this 
blend.  Therefore,  a  blend  of  7/1  rod/coil  ratio  may  form  a  composite  having  a 
molecular  dispersion  at  the  level  of  wavelength  of  the  light. 


CONCLUSION 

In  summary,  solutions  comprising  stiff-chain  polyester  and  flexible  polysulfone 
were  characterized  by  light  scattering  techniques.  The  orientation  correlation  lengths 
in  these  solutions  were  determined  by  the  Stein-Wilson  theory  for  depolarized  light 
scattering.  It  was  found  that  orientation  correlation  lengths  increased  with 
concentration  as  well  as  with  addition  of  coil  molecules.  An  increase  in  these  lengths 
indicates  the  molecular  dispersion  of  rods  is  depressed  and  the  molecular  aggregation 
is  more  favorable.  The  modification  of  the  rod  molecules  with  strong  polarized 
substituting  groups  has  improved  solubility  in  non-interactive  solvents,  indicating  that 
solubility  in  flexible  polymer  matrices  may  also  be  enhanced,  though  the  effect  of 
unfavorable  entropy  of  mixing  is  significantly  greater.  A  polymer  blend  made  of  a  7/1 
rod/coil  ratio  solution  showed  a  possible  molecular  dispersion,  at  least  at  the  level  of 
wavelength  of  the  light,  was  determined  by  a  small-angle  light  scattering  method. 
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ABSTRACT 

Rigid-rod  molecular  composites  are  a  new  class  of  high  performance  structural  polymers  which  have  high 
specific  strength  and  modulus  and  also  high  thermal  and  environmental  resistance.  The  concept  of  using  a  rigid-rod, 
extended  chain  polymer  to  reinforce  a  ductile  polymer  matrix  at  the  molecular  level  has  been  demonstrated  with 
morphological  and  mechanical  property  studies  for  aromatic  heterocyclic  systems,  but  new  materials  systems  and 
processing  techniques  will  be  required  to  produce  thermoplastic  or  ihcrmosci  molecular  composites.  Improved 
characterization  and  modeling  will  also  be  required.  In  this  regard,  new  results  on  modeling  of  mechanical 
properties  of  molecular  composites  are  presented  and  compared  with  experimental  results.  The  Halpin-Tsai 
equations  from  "shear-lag”  theory  of  short  fiber  composites  predict  properties  reasonably  well  when  using  the 
theoretical  modulus  of  rigid-rod  molecules  in  aromatic  heterocyclic  systems,  but  newer  matrix  systems  will  require 
consideration  of  matrix  stiffness,  desired  rod  aspect  ratio,  and  rod  orientation  distribution.  Application  of  traditional 
and  newer  morphological  characterization  techniques  are  discussed.  The  newer  techniques  include:  Raman  light 
scattering,  high  resolution  and  low  voltage  SEM,  parallel  EELS  in  TEM,  synchroiron  radiaiion  in  X-ray  scattering, 
and  ultrasound  for  integrity  studies.  The  properties  of  molecular  composites  and  macroscopic  composites  arc 
compared  and  it  is  found  that  excellent  potential  exists  for  use  of  molecular  composites  in  structural  applications 
including  engineering  plastics,  composite  matrix  resins,  and  as  direct  substitutes  for  liber  reinforced  composites. 

INTRODUCTION 

Since  the  concept  of  a  self-reinforcing  molecular  composite  of  rigid-rod  and  flexible  coil  polymer 
components  was  first  proposed  by  Helminiak  et  al.  [1,  2),  and  first  successfully  applied  by  Hwang  et  al.  13),  a 
variety  of  candidate  systems  have  been  studied.  The  advantages  of  rigid-rod  molecular  composites  over  macroscopic 
fiber  reinforced  composites  are  based  upon  the  elimination  of  discrete  fibcr/malrix  interfaces  and  upon  the 
intrinsically  superior  properties  of  the  aromatic  heterocyclic  chemistry  of  the  rod  molecules.  These  advantages 
include:  higher  specific  mechanical  properties;  higher  environmental  and  thermal  resistance;  and  the  potential  for  a 
wider  choice  of  processing  options.  Possible  applications  for  molecular  composites  include:  engineering  plastics; 
high  performance  fibers;  composite  matrix  resins;  and  direct  substitutes  for  fiber  reinforced  composites. 

The  choice  of  the  reinforcing  molecule  for  a  molecular  composite  is  critical,  in  order  to  maintain  both  high 
aspect  ratio  (ratio  of  length  to  diameter)  for  efficient  reinforcement  and  to  have  a  molecule  with  inherently  high 
strength  and  stiffness.  The  rigid-rod  aromatic-heterocyclics  are  a  class  of  molecules  which  fulfill  these  criteria. 
Table  1  list  various  high  performance  fibers.  The  rigid-rod  molecule  fibers,  poly(p-phenylcne  bcnzobisthiazolc) 
(PPBT)  (Fig.  1)  and  poly(p-phenylene  benzobisoxazole)  (PBO)  (Fig.  1),  have  uniaxial  tensile  strength  and  stiffness, 
which  significantly  exceed  the  properties  of  other  commercial  fibers  used  for  composites.  The  limiting  factor  of 
application  of  organic  fibers  to  composites,  including  PPBT,  PBO,  poly(p-phcnylcnc  tcrcpthalate)  (PPTA)  - 
Kevlar  149,  and  gel-spun  polyethylene  (PE)  -  Spectra  1000,  is  the  low  compressive  strength,  which  is  two  orders 
of  magnitude  less  than  graphite  T300  or  E-glass  fibers.  However,  for  reinforcement  at  a  molecular  level,  PPTA  and 
PBO  are  superior  since  PE  cannot  maintain  an  extended  chain  conformation  in  solution  and  PPTA,  with  a  relatively 
high  persistence  length,  has  intrinsic  stiffness  and  strength  that  arc  much  less  than  the  rigid-rod  molecules. 

After  synthesis  of  the  appropriate  molecule,  the  critical  factor  in  processing  a  molecular  composite  from  the 
solution  to  the  solid  state  is  that  the  rigid-rod  reinforcing  component  be  well  dispersed  and  not  phase  separate  from 
the  matrix  component  during  any  stage  of  solution  processing,  including  blending,  extrusion,  and  coagulation,  and 
during  solid  state  consolidation.  Phase  separation  of  the  components  of  a  molecular  composites  can  significantly 
affect  mechanical  and  thermal  properties.  A  high  aspect  ratio  (the  ratio  of  length  to  diameter)  of  the  reinforcing 
phase  must  be  maintained  for  efficient  reinforcement.  Phase  separation  will  also  limit  thermal  stability  to  that  of 
the  minimum  of  the  individual  homopolymer  components.  The  mechanical  properties  of  a  molecular  composite 
are  chiefly  controlled  by  the  composition,  orientation,  and  dispersion  of  the  reinforcing  rod  molecules  and  can  be 
predicted  by  using  appropriate  models  with  a  knowledge  of  the  intrinsic  properties  of  the  homopolymer  components 
and  their  morphological  arrangement  in  the  material.  Thus,  a  thorough  description  of  morphology  is  necessary  for 
assessing,  understanding,  and  predicting  ultimate  properties  of  rigid-rod  molecular  composites. 
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In  this  paper  the  study  of  molecular  composite  candidates  with  a  variety  of  characterization  techniques, 
including  optical  microacopy  (OM),  electron  microscopy  (EM),  and  x-ray  scattering  will  be  discussed  and  new 
techniques  will  be  highlighted.  Results  will  be  discussed  with  regard  to  models  for  traditional  composite  theory  of 
mechanical  properties,  such  as  "shear  lag"  theory  for  short  fiber  composites,  in  order  to  compare  experimentally 
observed  and  theoretically  predicted  properties.  Molecular  composite  properties  will  then  be  considered  for 
macroscopic  systems  to  assess  the  potential  for  molecular  composites  in  engineering  applications. 
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Figure  1  Chemical  structures  of  PPBT,  PBO,  PDIAB,  PPTA,  and  ABPBl. 

TABLE  1 

Mechanical  Properties  of  High  Performance  Fibers 


Material  Modulus 


Predicted 

Measured 

GPa,  (Msi) 

GPa,  (Msi) 

PPBT 

615  (88) 

328  (47) 

PBO 

635  (90) 

363  (52) 

30PPBT/70ABPBI 

184  (26) 

120  (17) 

Graphite  T300 

1100(157) 

237  (34) 

PITA  Kevlar  149 

220  (32) 

186  (27) 

F  •  glass 

-  - 

76  (11) 

I’K  •  Spectra  1000 

300  (43) 

174  (25) 

Strength 

Ductility 

Densiiy 

Tensile 
GPa,  (lest) 

Compressive 
GPa,  (hsi) 

%ciong. 

(g/cc) 

4.2  (600) 

0.027  (39) 

1.6 

1.58 

5,8  (830) 

0.021  (30) 

1.6 

1.58 

1.3  (190) 

1.4 

1.58 

3.3  (470) 

2.9  (417) 

1.0 

1.76 

3.5  (500) 

0.033  (48) 

1.2 

1.47 

2.0  (286) 

2.0  (286) 

2.5 

2.6 

3.0  (435) 

0.017  (24) 

- 

0.97 

> 

i 
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MODELING  OF  MECHANICAL  PROPERTIES  OF  MOLECULAR  COMPOSITE 

The  ability  of  the  Air  Force  Materials  Laboratory  (AFML),  Polymer  Branch  to  synthesize  aromatic 
heterocyclic  molecules  that  were  chemically  similar,  but  configurationally  different,  led  to  the  creation  of  both  the 
inherent  rigid-tod  and  the  semi-flexible  coil  molecular  architectures  used  in  the  first  molecular  composites  (4  j .  The 
molecular  composite  concept  was  first  tested  by  blending  rigid-rod  polyparaphcnylene  benzimidazole  (PDIAB)  and 
semi-flexible  coil  poly  2,5(6)benzitmdazole  (ABPBI)  (Fig.  1)  in  a  dilute  solution  of  methanesulfonic  acid  (MSA) 
and  casting  thin  films  in  a  glass  container  placed  in  a  vacuum  evaporator  [51.  The  properties  of  this  material  are 
listed  in  Table  2,  along  with  those  of  other  molecular  composite  systems.  Although  the  properties  of  the 
PDIAB/ABPBI  films  were  somewhat  enhanced  over  that  of  cast  homopolymer  ABPBI,  especially  when  stretched 
55%,  they  did  not  approach  what  could  be  expected  from  the  intrinsic  properties  of  the  rigid-rod  PDIAB,  which 
would  probably  be  in  the  range  of  those  for  PPBT,  as  shown  in  Table  1.  It  was  found  from  optical  microscopy 
(OM)  and  scanning  electron  microscopy  (SEM)  that  the  bright  yellow  opaque  films  showed  that  large  scale  phase 
separation  (1-5  tun)  had  occurred  during  the  casting  process,  resulting  in  a  loss  of  potential  for  reinforcement  at  the 
molecular  level.  This  problem  was  addressed  by  developing  an  understanding  of  the  phase  behavior  of  rigid-rod 
solutions  and  then  applying  this  knowledge  to  the  technology  for  processing  for  rigid-rod  systems  from  the 
solution  to  the  solid  state. 

This  work  contained  the  earliest  application  of  the  "rule  of  mixtures"  to  molecular  composites  (5).  The 
"rule  of  mixtures"  is  a  special  case  of  the  Halpin-Tsai  equations,  which  is  a  simplification  of  "shear-lag"  theory, 
which  models  the  modulus  of  short  fiber  reinforced  composiies  |6|.  The  rule  of  mixtures"  predicts  that  ihc 
modulus  of  a  material  with  a  uniaxially  oriented  reinforcing  phase  and  is  given  by  a  parallel  clement  model,  which 
stales  dial  the  overall  modulus  is  the  sum  of  the  volume  fraction  times  ihc  modulus  of  each  component.  In  order 
for  the  "rule  of  mixtures"  to  be  applied,  the  Halpin-Tsai  equations  show  that  the  reinforcing  phase  must  have  a  high 
aspect  ratio  (typically  >100)  to  approach  100%  efficiency,  as  given  for  ihc  modulus  of  a  continuous  fiber  reinforced 
composite.  Donaldson  (7)  has  applied  short  fiber  composite  theory  (ie.  shear-lag  theory)  to  molecular  composiies 
to  predict  the  effect  of  the  factors  of  rod  length,  concentration,  dispersion,  and  orientation  variables  on  properties. 

The  phase  behavior  of  rigid-rod  homopolymer  and  blend  systems  was  first  elucidated  by  Hwang  ct  al.  [3] 
by  applying  Flory's  [8]  theory  of  phase  equilibria  of  rigid-rod  polymers.  This  theory  predicts  that,  when  the  total 
concentration  (C)  of  a  rigid-rod  polymer  system  in  a  solvent  is  above  a  critical  conccniralion  (Ccr),  liquid 
crystalline  domains  will  phase  separate  from  a  homogeneous  solution.  Hwang  el  al.  |3J  calculated  ihc  ternary  phase 
diagram  for  a  blend  of  rigid-rod  poly(p-phenylene  benzobisthiazolc)  (PPBT)  and  scmi-llcxiblc  coil  poly-2, 5(6) 
benzimidazole  (ABPBI)  as  components  in  a  dilute  solution  of  MSA  and  used  OM  hot  stage  techniques  to  verify  the 
predictions.  It  was  then  necessary  develop  processing  techniques  for  retaining  the  dispersion  as  the  rod  and  coil 
components  in  solution  are  processed  into  the  solid  state. 

Molecular  composite  fibers  were  produced  with  the  dry-jet/wcl-spin  technology  used  in  processing  of 
poly-p-phenylene  tercpthalaie  fibers.  Processing  homogeneous  of  dilute  solutions  of  PPBT  /  ABPBI  "froze-in"  ihc 
dispersion  of  rod  molecules  in  the  matrix  polymer  to  form  molecular  composite  films  and  fibers  (3).  This  process 
of  rapid  immersion  of  the  polymer  acid  solution  into  water  was  referred  to  as  "quenching"  or  "coagulation".  After 
subsequent  neutralization,  drying,  and  heal  treatment  the  30  PPBT  /  70  ABPBI  films  and  fibers  were  optically 
transparent  and  had  excellent  mechanical  properties,  as  shown  in  Table  2.  Any  phase  separation  w  hich  occurred  was 
clearly  below  the  resolution  limit  in  OM,  since  the  film  was  clear,  but  it  was  also  found  to  be  below  the  resolution 
limit  of  the  SEM  of  20  nm.  WAXS  showed  that  any  crystalline  phase  separation  could  he  calculated  to  be  <5 nm). 
Thus,  morphology  results  demonstrated  that  the  concept  of  a  rigid-rod  molecular  coin|)usitc  had  been  achieved. 

Application  of  the  "rule  of  mixtures"  to  a  30  PPBT  /  70  ABPBI  spun  fiber,  based  upon  the  cxpcrimcnially 
measured  modulus  of  PPBT  fiber,  also  indicated  that  a  molecular  composite  had  been  achieved  (3).  The  problem  in 
extending  the  "shear-lag"  or  Halpin-Tsai  theory  from  the  macroscopic  to  the  molecular  level  is  the  choice  of  the 
value  of  the  modulus  of  the  reinforcing  phase.  The  theoretically  predicted  value  of  the  modulus  of  PPBT  is  615 
GPa,  which  is  almost  double  the  value  of  the  highest  measured  modulus  of  a  macroscopic  PPBT  fiber  |24).  It 
seems  that,  for  molecular  composites,  the  basis  for  modulus  predictions  should  be  the  theoretical  modulus  of  the 
rod  molecules,  rather  than  the  experimental  fiber  modulus,  since  factors  such  as  local  misorientation,  disorder,  and 
defects  wilt  degrade  the  macroscopic  fiber  modulus,  but  should  not  affect  the  modulus  of  rod  molecules  acting  to 
reinforce  a  material  at  the  molecular  level.  If  ihe  theoretical  modulus  of  PPBT  is  used  with  ihc  "rule  of  mixtures" 
then  the  modulus  of  the  30  PPBT  /  70  ABPBI  spun  fiber  is  about  60%  of  the  value  predicted  theoretically  (9). 
This  still  approaches  the  value  for  an  ideal  molecular  composite,  although  some  reduction  front  the  ideal  could  have 
resulted  from  PPBT  rod  molecules  which  may  not  have  been  entirely  well  enough  oriented  or  dispersed.  Improved 
processing  could  improve  the  value. 
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TABLE  2 

Mechanical  Properties  of  Rigid-Rod  Molecular  Composite  Candidate  Systems 


Material 

Epredicted 
GPa,  (Msi) 

Emeasured 

GPa,  (Msi) 

Tensile  Sir. 
GPa,  (ksi) 

%elong. 

30  PD1AB  /  70  ABPBI 

•Cast  ABPBI 

-  - 

1.0  (0.15) 

0.080(12) 

. 

*  Cast  film  (C>Ccr) 

-  - 

3.1  (0.46) 

0.092(13) 

15 

*  Cast  film  (C>Ccr)  +  55%  Draw 

-  - 

9.7  (1.4) 

0.24  (35) 

3 

30  PPBT  /  70  ABPBI  Blend 

•PPBT  fiber 

615  (88) 

328  (47) 

3.3  (470) 

1.6 

•  ABPBI  fiber 

-  - 

36  (5.4) 

1.1  (160) 

5.2 

•  Spun  fiber  (C<Ccr) 

184(26) 

120  (17) 

1.3  (190) 

1.4 

•  Spun  fiber  (OCcr) 

-  - 

11  (1.6) 

0.31  (45) 

13 

*  Extruded  film  (C<Ccr) 

87(12) 

88  (13) 

0.92  (130) 

2.4 

•  Cast  film  (OCcr) 

-  - 

1.1  (0.16) 

0.035  (5) 

5.6 

30  PPBT  /  70  ABPBT  Blend 

•ABPBT  fiber 

-  . 

36  (5.4) 

1.1  (160) 

5.2 

•  Spun  fiber  (C<Ccr) 

184(26) 

120  (17) 

0.9  (130) 

1.4 

30  PPBT  /  70  ABPBI  Copolymer 

•  Spun  fiber  (CcCcr) 

184(26) 

100  (15) 

1.7  (250) 

2.4 

•  Cast  film  (OCcr) 

•  * 

2.4  (0.35) 

2.2  (32) 

43 

30  PPBT  /  70  PPQ 

*  Spun  fiber  (C<Ccr) 

184(26) 

18  (2.7) 

0.35  (50) 

2.4 

PPBT/  Nylon 

•  Nylon  6 

-  - 

0.9 

0.051  (7) 

5.3 

*25/75  Spun  fiber  (C<Ccr) 

154(22) 

36  (5) 

0.35  (50) 

7.0 

•30  /  70  Spun  fiber  (CeCcr) 

185  (26) 

31  (5) 

0.35  (50) 

2.4 

•50/50  Spun  fiber  (C<Ccr) 

308(43) 

80  (12) 

0.88  (116) 

1.4 

*60/40  Spun  fiber  (C<Ccr) 

370(52) 

80  (12) 

0.90  (130) 

1.4 

30  PPBT  /  70  PPOT-50 

*  Spun  fiber  (C<Ccr) 

184(26) 

140  (21) 

-  - 

2.4 

•  Extruded  film 

87(12) 

103(14) 

1.1  (100) 

1.5 

5  PPTA  /  95  Nylon 

*  Spun  fiber  (C<Ccr) 

11  (.012) 

1.7(0.26) 

0.058  (250) 

2.4 

Molecular  composite  films  of  30  PPBT  /  70  ABPBI  had  a  morphology  which  showed  that  the  rod 
molecules  were  well  dispersed  in  very  small  crystallites  randomly  oriented  parallel  to  the  surface  of  the  film 
suggesting  that  the  film  was  a  planar  isotropic  molecular  composite.  Mechanical  property  modeling  used  an 
extension  of  "shear  lag"  theory  for  planar  isotropic  orientation  results  in  a  value  for  in-plane  modulus  which  is  3/8 
of  the  value  for  uniaxial  orientation  (9).  In  Table  2  the  properties  of  the  30  PPBT  /  70  ABPBI  film  give  a  modulus 
ol  88  GPa  and  tensile  strength  of  0.92  GPa.  The  modulus  exceeds  the  theoretically  predicted  value  by  30%,  which 
indicates  that  the  film  is  a  molecular  composite,  and  also  that  improved  modeling  may  be  required  to  predict 
properties  on  a  molocular  level.  The  film  had  a  modulus  closer  to  the  theoretical  than  the  fiber,  probably  because 
random  rod  orientation  in  the  film  improved  the  their  dispersion  compared  to  the  uniaxially  oriented  fiber. 


Until  recently,  it  has  not  been  possible  to  determine  the  efficiency  of  the  reinforcing  phase  in  a  molecular 
composite.  Day  et  al.  [101  have  developed  a  technique  using  Raman  spectroscopy  of  fibers  in  a  stressed 
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macroscopic  composite,  from  which  it  is  possible  to  directly  measure  strain  distribution  along  the  length  of  ihe 
fibers.  They  were  then  able  to  compare  the  results  to  those  predicted  by  "shear  lag"  theory  and  found  a  good 
correlation  over  a  wide  range  of  strains.  Young  {11}  has  extended  the  technique  to  molecules  in  a  stressed  30 
PPBT  /  70  ABPB1  molecular  composite  film  and  were  able  to  directly  measure  strain  in  rod  molecules  along  the 
macroscopic  stress  direction.  This  makes  possible  a  comparison  of  macroscopic  for  a  direct  assessment  of 
reinforcement  efficiency  of  the  rod  phase. 

The  discussion  of  mechanical  property  modeling  of  molecular  composites  with  the  Halpin-Tsai  equations 
has  only  dealt  with  the  concept  of  requiring  a  high  aspect  ratio,  eg.  100,  for  efficient  reinforcement.  However,  the 
required  value  of  the  aspect  ratio  for  efficient  reinforcement,  according  to  "shear  lag"  theory  for  short  fiber 
composites,  is  strongly  dependent  on  the  ratio  of  the  modulus  of  the  fiber  (Ef)  to  that  of  the  matrix  (Em)  (7).  The 
term  "reinforcement  efficiency"  refers  to  the  ratio  of  the  stress  carried  by  chopped  fibers  in  a  short  fiber  composite 
to  the  stress  which  could  be  canted  by  unbroken  fibers  in  a  continuous  fiber  composite.  For  example,  for  90% 
efficiency  when  Ef/Em  «  5  the  aspect  ratio  must  be  only  about  30  compared  to  the  case  where,  with  Ef/Em  =  100, 
requires  an  aspect  ratio  of  400.  This  demonstrates  that  the  problem  of  phase  separation,  which  reduces  the  aspect 
ratio,  becomes  more  critical  when  a  softer  polymer  is  chosen  for  the  matrix  material  in  candidate  systems. 

OTHER  MOLECULAR  COMPOSITE  CANDIDATE  SYSTEMS 

Although  the  PPBT/ABPB1  system  formed  a  molecular  composite,  it  did  not  have  a  glass  transition 
temperature  below  the  degradation  temperature  and  could  not  be  consolidated  by  traditional  thermal  processing 
techniques.  Because  of  the  versatility  in  fabrication  and  use  of  a  thermoplastic  polymers,  new  blends  and 
copolymers  have  been  synthesized  and  processed  with  the  potential  for  achieving  thermoplastic  and  thermoset 
rigid-rod  molecular  composites.  A  variety  of  polymer  systems  have  been  examined  as  rigid-rod  molecular 
composite  candidates.  The  properties  of  some  of  these  systems  are  listed  in  Table  2.  This  section  will  provide 
brief  descriptions  of  some  aromatic  heterocyclic  systems  and  also  some  of  the  thermoplastic  and  thermoset  systems. 

The  earliest  systems  studied  were  all  aromatic  heterocyclic  polymers  consisting  of  components  of  rigid-rod 
and  semi-flexible  coil  molecules.  As  previously  mentioned,  the  PDIAB  /  ABPB1  blend  was  examined  as  a 
molecular  composite  and,  although  properties  of  the  matrix  were  increased  somewhat  (Table  2).  they  did  not 
approach  the  high  values,  expected  of  a  molecular  composite,  due  to  phase  separation  |5].  The  first  successful 
system,  as  previously  discussed,  was  30  PPBT  /70  ABPBI,  first  processed  and  characterized  by  Hwang  et  al.  [3] 
and  later  studied  by  Krause  et  al.  [9].  Another  system  was  the  blend  of  PPBT  and  poly-2,5(6)  benzthiazole 
(ABPBT)  which  achieved  excellent  property  enhancement  (Table  2)  [121.  Another  system,  a  coil  /  rod  /  coil 
triblock  copolymer  of  ABPBI  /  PPBT  /  ABPBI,  as  synthesized  by  Tsai  et  al.  [13},  was  processed  into  a  molecular 
composite  with  correspondingly  excellent  properties  (Table  2)  [14],  This  system  demonstrated  that  excellent 
properties  could  be  obtained  over  a  range  of  rod  lengths,  indicating  that  the  minimum  aspect  ratio  had  been 
achieved  with  the  shortest  rod  components.  Because  these  systems  do  not  have  a  glass  transition  temperature  below 
the  degradation  temperature  and  cannot  be  consolidated  by  thermal  processing  techniques  they  are  intractable  and  can 
only  be  used  in  the  form  in  which  they  have  been  processed.  The  need  lor  improved  processability  could  be 
answered  with  thermoplastic  matrix  systems. 

The  first  efforts  to  develop  a  thermoplastic  molecular  composite  system  at  the  AFML  were  reported  by 
Hwang  etal.  [15]  for  a  nylon  /  PPBT  blend  which  was  also  examined  later  by  other  researchers  [16-18],  Table  2 
shows  that  the  properties  of  the  neat  matrix  resin  are  enhanced,  by  a  factor  of  30  to  80,  but  are  still  only  about  a 
quarter  as  much  as  the  PPBT  /  ABPBI  systems.  These  lower-lhan-expected  values  are  due  to  a  number  of  factors 
including  the  need  for  a  higher  aspect  ratio  because  of  the  higher  value  of  Ef/Em,  reduced  chemical  compatibility 
which  would  enhance  phase  separation  (19),  and  some  probable  misorientation.  PPBT  /  PPQ  is  another 
thermoplastic  blend  examined  by  Ihe  AFML  was,  but,  here  also,  only  limited  property  enhancement  was  achieved 
due  to  phase  separation.  Another  system  studied  was  a  blend  composed  of  PPBT  /  polyetheretherkeione  (PEEK), 
and  it  was  found  that  the  molecular  weight  of  the  PEEK  was  so  low  that  it  readily  phase  separated  during 
processing.  Overseas,  another  block  copolymer  of  PPBT  /  PPO  was  synthesized  and  processed  into  a  material 
which  had  achieved  properties  predicted  for  a  molecular  composite  [15],  but  still  was  not  thermally  processable,  so 
the  search  for  an  appropriate  system  continues. 

Other  concepts  to  achieve  a  molecular  composite  system  have  also  been  examined.  A  thermoset  blend 
composed  of  PPBT  and  benzocyclobutane  has  also  been  examined,  but  large  scale  phase  separation  occurred  during 
processing,  resulting  in  correspondingly  poor  mechanical  properties.  Another  system  under  study  is  the  "in-suu” 
rod  molecular  composite,  in  which  a  rod  molecule  is  formed  by  a  ring-closing  reaction  after  solution  processing. 


It  might  be  noted  here  that  numerous  researchers  are  exploring  the  possibility  of  a  producing  a  molecular 
composite  with  stiff  and  semi-flexible  chain  molecules  as  the  reinforcing  phase.  In  this  sense,  the  term  "molecular 
composite”  really  refers  to  a  fine  dispersion  of  molecules  which  may,  or  may  not,  be  in  an  extended  chain 
conformation.  Although  property  enhancement  of  the  matrix  may  occur,  it  will  not  be  to  the  same  extent  as  the 
rigid-rod  molecules,  which  have  intrinsically  higher  properties  and  an  inherent  extended  chain  conformation. 
Takayanagi  [2 1 J  studied  several  stiff  chain  /  flexible-coil  polymer  blends  and  observed  that  the  finest  dispersion  was 
15-30  nm  diameter  microfibrils  of  poly(p-phenylene  terephthalamide)  (PPTA)  in  a  matrix  of  nylon  6  or  nylon  66. 
He  also  studied  a  block  copolymer  of  an  aramid  and  nylon  6  (Table  2)  and  suggested  that  a  finer  dispersion  was 
achieved  but  dimensions  were  not  quantified. 

PROCESSING  OF  MOLECULAR  COMPOSITES 

After  synthesis,  processing  of  the  molecular  composite  candidate  materials  is  the  most  important  factor  in 
achieving  a  fine  dispersion  of  rod  molecules  or  segments  in  the  matrix  material.  Phase  separation  has  many 
disadvantages  for  material  performance,  including  the  reduced  aspect  ratio  of  the  reinforcing  phase,  reduced 
interaction  and  entanglement  of  the  matrix  polymer  with  the  reinforcing  phase,  an  increasing  amount  of 
unreinforeed  matrix,  and  development  of  discrete  interfaces.  To  date,  the  primary  technique  for  processing  molecular 
composites  has  been  dry-jet  /  wet-spinning  of  particles,  fibers,  or  films  of  a  dilute  homogeneous  acid  solution  into 
a  coagulating  water  bath.  Ideally,  subsequent  thermal  consolidation  would  then  be  used  for  fabricating 
thermoplastic  molecular  composites  to  the  desired  component  geometry.  To  achieve  the  desired  mechanical  and 
thermal  properties  of  a  molecular  composite,  large  scale  phase  separation  must  not  occur  at  any  stage  of  processing, 
including  solution  blending,  extrusion,  coagulation,  and  solid  state  consolidation. 

MORPHOLOGICAL  CHARACTERIZATION  OF  MOLECULAR  COMPOSITES 

A  thorough  description  of  morphology  is  necessary  for  assessing,  understanding,  and  predicting  the  ulumale 
properties  of  rigid-rod  molecular  composites.  A  variety  of  characterization  techniques,  including  optical  and 
electron  microscopy  and  x-ray  scauering,  must  be  used  to  determine  the  composition,  orientation,  and  dispersion  of 
the  reinforcing  rod  molecules  in  a  molecular  composite.  With  this  information,  and  a  knowledge  of  the  intrinsic 
properties  of  the  homopolymer  components,  it  is  possible  to  model  mechanical  properties,  both  to  evaluate  the 
efficiency  of  reinforcement  of  the  rod  molecules  and  also  to  predict  the  ultimate  properties  possible  for  a  rigid  rod 
molecular  composite.  In  this  section  capabilities  of  major  morphological  characterization  tools  will  be  briefly 
reviewed  and  the  potential  for  application  of  new  characterization  techniques  will  be  discussed. 

Light-optical  characterization  techniques,  which  use  the  visible  wavelengths  of  light,  provide  information 
down  to  a  scale  of  about  0.5  |im.  The  techniques  include  optical  microscopy,  light  scattering,  and  Raman 
spectroscopy  which  have  proven  to  be  valuable  tools  for  assessing  morphology,  phase  behavior,  and 
structure-property  correlations.  Transmission,  reflection,  and  binocular  OM  has  been  used  to  assess  the 
morphology  of  fibers,  films,  and  fracture  surfaces  of  consolidated  material.  Large  scale  phase  separation  (>0.5pm) 
is  easily  detected,  and  enhanced  by  color  differences,  in  transmission  OM.  Ductility,  or  conversely,  brittleness,  of 
fracture  surfaces  and  adhesion  in  consolidated  molecular  composites  can  be  evaluated  with  reflection  and  binocular 
OM.  Hot  stage  OM  to  detect  phase  separation  as  a  function  of  temperature  and  composition  for  PPBT  /  ABPB1 
blend  and  copolymer  systems  to  determine  their  ternary  phase  diagrams  (3).  More  recently  a  hot  stage  light 
scattering  apparatus  was  used  to  determine  the  kinetics  of  solid  state  phase  separation  of  a  PPBT/nylon  system  (19). 

Electron-optical  characterization  techniques  of  transmission  electron  microscopy  (TEM)  and  SEM.  which 
use  electrons  accelerated  from  1  to  200keV  or  more,  have  resolution  which  vary  from  about  0.2  nm  to  2  pm. 
depending  upon  the  operational  mode.  In  SEM  each  mode  is  capable  of  analyzing  a  sample  poini-by-point  as  the 
beam  scans  over  the  surface.  Fracture  surfaces  of  films  and  fibers  can  be  examined  for  phase  separation,  ductility, 
and  orientation  in  molecular  composite  candidate  systems  with  secondary  electron  imaging  (SEI)  (typical  ncsoluuon 
=  5  nm)  backscatlered  electron  imaging  (BEI)  (resolution  =  20  nm),  which  reveals  atomic  number  differences.  The 
SEM  is  the  simplest  and  most  versatile  tool  for  studying  morphology  down  to  10  nm  (9,14).  Recent  advances  in 
SEM  equipment  technology  have  introduced  a  field  emission  gun  (FEG)  SEM  which  is  capable  of  operating  with 
excellent  resolution  at  both  higher  and  lower  voltage,  (0.7  nm  at  30  keV  and  4  nm  at  1  keV)  (23).  Overall 
resolution  limits  in  the  FEG  SEM  are  significantly  improved  over  those  of  the  traditional  tungsten  hairpin  gun 
SEM.  They  are  about  1  nm  in  SEI,  5  nm  in  BEI,  and  50  nm  in  EDS  (18).  The  FEG  SEM  has  excellent 
potential  for  analysis  of  molecular  composite  candidates  because  of  the  capability  for  direct  observation  of  uncoatcd 
surfaces  at  low  voltages  and  because  of  the  improved  resolution  limits  in  all  operating  modes  (24). 
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TEM  is  capable  of  achieving  the  highest  resolution  (0.2  nm)  of  any  morphological  characterization 
technique,  but  electron  beam  damage  can  cause  significant  alteration  of  the  original  structure  of  the  sample,  so  skill 
and  patience  are  required  to  obtain  useful  results.  Additionally,  TEM  sample  preparation  techniques  are  difficult  and 
may  themselves  induce  artifacts  into  the  original  sample  structure.  Thus,  caution  must  exercised  in  interpreting 
TEM  results.  TEM  dark  field  (DF)  imaging,  using  diffraction  contrast,  is  usually  used  to  image  the  size,  shape, 
and  orientation  of  phase  separation  of  a  crystalline  component  of  a  molecular  composite  candidate  (9,14).  Selected 
area  electron  diffraction  (SAED)  may  be  used  to  determine  the  orientation  and  crystal  structure  of  crystalline  regions 
in  a  sample.  Phase  separation  of  size,  shape,  and  orientation  of  amorphous  regions  of  a  molecular  composite 
candidate  can  be  studied  with  TEM  bright  field  (BF)  imaging,  using  mass-thickness  contrast  (18).  An  important 
recent  development  in  analytical  electron  microscopy  is  simultaneous  parallel  acquisition  of  electron  energy  loss 
spectra  (EELS)  which  has  the  potential  for  acquiring  entire  spectra  before  significant  beam  damage  (25). 

WAXS  provides  a  rapid  and  very  useful  means  for  assessing  important  morphological  fealures,  such  as 
lattice  parameters,  crystallite  size,  and  orientation,  in  molecular  composites.  One  of  the  most  valuable  capabilities 
of  WAXS  is  its  ability  to  assess  orientation,  which  has  a  significant  effect  on  material  properties.  In  ngid-rou 
molecular  composite  systems  crystallite  orientation  of  the  rod-rich  and  the  matrix-rich  can  be  qualitatively  assessed 
by  the  degree  of  arcing  of  equatorial  reflections  which  are  usually  perpendicular  to  the  machine  processing  direction. 
A  more  improved  method  of  evaluating  orientation  is  with  the  orientation  function,  which  assigns  a  weighted 
numerical  value  to  orientation  (9).  A  recent  development  in  this  field  is  the  use  to  high  intensity  synchrotron 
radiation,  which  will  make  possible  real-time  studies  of  dynamic  phenomena  such  as  phase  separation  kinetics. 

Other  morphological  characterization  techniques  have  been  applied  to  molecular  composites  to  a  lesser 
extent,  mainly  to  determine  the  level  of  phase  separation.  Ultrasound  has  been  used  lo  examine  phase  separation 
of  a  blend  on  a  scale  of  0. 1  to  5  pm  and  should  prove  useful  in  examining  the  integrity  of  consolidated  molecular 
composite  systems.  There  are  other  promising  techniques  which  need  to  be  explored  and  developed,  such  as 
scanning  tunneling  microscopy,  for  improved  characterization  of  morphological  features,  such  as  phase  separated 
material,  in  rigid-rod  molecular  composite  candidate  systems. 

ENGINEERING  APPLICATIONS  OF  MOLECULAR  COMPOSITES 

The  driving  force  for  development  of  molecular  composites  is  their  excellent  potential  for  use  in  structural 
applications.  Although  success  has  not  been  achieved  in  synthesizing  and  processing  a  "consolidaiablc" 
thermoplastic  molecular  composite,  it  would  be  interesting  and  useful  lo  see  what  would  be  die  potential  lor  such  a 
system.  Table  3  lists,  for  a  30  PPBT  /  70  ABPBI  system,  for  fiber,  film  and  bulk  geometries  for  measured  and 
theoretically  predicted  properties.  "Shear-lag"  theory  was  used  to  calculate  theoretical  properties.  It  wdl  be  assumed 
briefly,  for  the  sake  of  argument,  that  this  system  can  be  thermally  consolidated  and  compare  the  properties,  lor  die 
appropriate  geometry,  for  applications  of:  engineering  plastics:  high  performance  fibers:  composite  matrix  resins; 
and  direct  substitutes  for  fiber  reinforced  composites. 

Many  engineering  resins  have  similar  mechanical  properues  including  PEEK,  polyamidcimide  (Torlon), 
polyetherimide  (Torlon),  polyimide  (Avimid),  polysulfone  (Udel),  and  polyester  (Xydar).  The  moduli  arc  about 
3.5  GPa  (0.5  Msi)  and  tensile  strengths  about  0 .11  GPa  (15ksi).  The  maximum  operating  temperatures  of  the 
engineering  resins  vary  from  about  ISO  to  300°C.  The  bulk  30  PPBT  /  70  ABPBI  exceeds  mechanical  properties 
of  other  engineering  resins  by  a  factor  of  S  to  10.  Since  it  is  expected  that  the  Tg  of  a  thermoplastic  molecular 
composite  would  probably  range  from  300  lo  400°C  the  thermal  stability  would  probably  exceed  that  of 
engineering  resins  by  100°C  or  more.  There  would  be  excellent  potential  for  molecular  composites  for  complex 
shapes  in  pans  for  underhood  applications  in  die  auto  industry,  where  thermal  properues  are  critical,  and  in  the 
aerospace  industry,  where  high  specific  properties  are  critical. 

For  high  performance  fibers  Table  1  lists  the  properties  of  some  of  the  commonly  used  materials.  The 
fiber  30  PPBT  /  70  ABPBI  does  not  compete  particularly  well  with  the  highest  performance  fibers,  T300,  Kevlar, 
and  PBO.  However,  compared  to  E-glass  the,  30  PPBT  /  70  ABPBI  has  double  the  specific  modulus  and  about  the 
same  specific  strength.  Thus,  it  appears  that  applications  of  molecular  composites  as  high  performance  fibers  arc 
limited,  unless  properties  can  be  increased  with  increased  loading  of  the  rigid-rod  molecules. 

Matrix  resin  applications  for  bulk  30  PPBT  /  70  ABPBI  can  be  considered  for  both  continuous  and  chopped 
fiber  macroscopic  composites,  with  predicted  properties  in  Table  3.  It  can  be  seen  that  substituting  the  30  PPBT  / 
70  ABPBI  for  epoxy  in  a  unidirectional  composite  would  result  in  only  small  increases  in  properties  since  overall 
properties  are  chiefly  controlled  by  Ihe  fiber  component.  However,  in  substituting  the  30  PPBT  /  70  ABPBI  for 
epoxy  in  a  planar  isotropic  composite  would  give  a  modest  increase  in  modulus,  bui  could  result  in  up  to  a  3  fold 
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increase  in  tensile  strength  because  lateral  strength  is  strongly  dependent  on  the  matrix  resin.  Additionally,  a  major 
limiting  factor  of  matrix  resins  is  thermal  stability  and  it  may  be  possible  to  produce  molecular  composites  with 
thermal  stability  of  lOOoC  or  so  more  than  traditional  resins. 

TABLE  3 


Mechanical  Properties  of  Rigid-Rod  Molecular  Composites  and  Macroscopic  Composites 


Material 


Modulus 

Tensile  Strength  %el.  Density 

Predicted 

Measured 

Predicted 

Measured 

GPa,  (Msi) 

GPa,  (Msi) 

GPa,  (ksi) 

GPa,  (ksi) 

30  PPBT  /  70  ABPBI  blend 


*  Spun  fiber  (C<Ccr) 

184  (26) 

120  (17) 

1.8  (260) 

1.3  (190) 

1.4 

1.58 

•  Spun  film  (C<Ccr) 

87  (12) 

88  (13) 

0.87  (120) 

0.92(130) 

2.4 

1.58 

*  Ideal  3-D  bulk  material 

69  (10) 

-  - 

0.69(100) 

1.58 

Continuous  Fiber  Macro-Composite 

60  graphite  /  40  epoxy 

*  Unidirectional 

-  - 

132  (19) 

1.3  (I85j 

1.0 

1.90 

*  "Planar"  Isotropic  (0/45/0/90) 

-  - 

70  (10) 

0.17  (24) 

1.0 

1.90 

60  graph.  /  40  (30PPBT/70ABPBI) 

*  Unidirectional 

160  (23) 

-  - 

1.6  (225) 

-  - 

1.78 

*  "Planar"  Isc‘ropic  (0/45/0/90) 

98  (14) 

-  - 

0.47  (64) 

• 

1.78 

40  fiber  /  60  matrix 


*  Glass /Epoxy 

- 

- 

30 

(4.2) 

0.25 

(35)  - 

1.90 

*  Glass  /  30PPBT/70ABPBI 

92 

02) 

- 

- 

0.41  (60) 

- 

- 

1.72 

*  Graphite  /  Epoxy 

- 

- 

51 

(7.2) 

0.21 

(30)  - 

1.50 

*  Graphite  /  Nylon 

- 

- 

24 

(3.4) 

-  - 

0.25 

(36)  - 

1.33 

•Graphite  /PEEK 

- 

- 

23 

(3.2) 

0.28 

(39)  - 

1.46 

•  Graphite  /  30PPBT/70ABPB1 

99 

(14) 

- 

- 

0.36  (52) 

1.72 

Substituting  the  30  PPBT  /  70  ABPBI  bulk  for  epoxy  in  a  (40  fiber  /  60  matrix)  chopped  fiber  composite 
would  yield  significant  increases  in  modulu  by  a  factor  of  2  to  5  in  comparison  with  other  thermoplastic  and 
ihcrmoset  resins.  Modest  increases  in  strength  of  roughly  50%  or  so  might  be  possible.  Once  again,  a  major 
advantage  could  be  gained  with  the  thermal  stability  of  molecular  composites. 

The  potential  for  direct  substitution  of  30  PPBT  /  70  ABPBI  material  for  continuous  and  chopped  fiber 
composites  can  be  considered.  Substituting  a  30  PPBT  /  70  ABPBI  fiber  for  a  60  graphite  /  40  epoxy 
unidirectional  composite  would  give  similar  specific  properties,  even  though  the  level  of  loading  of  the  molecular 
composite  is  1/2  of  that  of  the  macroscopic  composite.  The  30  PPBT  /  70  ABPBI  film  has  similar  specific 
modulus  compared  to  that  of  the  60  graphite  /  40  epoxy  planar  isotropic  composite,  bui  its  specific  strength  is 
more  than  doubled.  In  comparing  ideal  bulk  30  PPBT  /  70  ABPBI  to  chopped  fiber  composites  it  is  seen  that 
specific  strength  is  1.5  to  3  times  greater  and  specific  modulus  is  up  to  4  times  greater,  even  though  loading  is 
30%  in  the  molecular  composite  compared  to  40%  in  the  chopped  fiber.  The  potential  Tor  improvements  in 
thermal  stability  is  good,  as  previously  discussed.  Although  the  potential  for  direct  substitution  of  molecular 
composites  for  macroscopic  composites  seems  excellent,  a  comparison  of  other  important  properties,  especially 
compressive  strength,  compressive  modulus,  and  toughness  cannot  be  made  until  a  thermoplastic  or  thermoset 
molecular  composite  system  is  devised. 

SUMMARY  AND  CONCLUSIONS 

The  molecular  composite  concept  has  been  demonstrated  with  morphological  and  mechanical  property 
studies  for  aromatic  heterocyclic  systems,  but  new  materials  systems  and  processing  techniques  will  be  required  to 
produce  thermoplastic  or  thermoset  molecular  composites.  Improved  characterization  and  modeling  of  these 
systems  will  be  required.  In  this  regard,  recent  work  in  modeling  of  mechanical  properties  of  molecular  composites 
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has  been  reviewed  here.  The  Halpin-Tsai  equations  from  "shear-lag"  theory  of  short  fiber  composites  predict 
properties  reasonably  well  when  using  the  theoretical  modulus  of  rigid-rod  molecules  in  all  arormt;  '.aaocyelic 
systems.  However,  modeling  of  newer  matrix  systems  with  the  "shear-lag"  theory  will  u quire  additional 
consideration  of  matrix  stiffness,  desired  rod  aspect  ratio,  and  rod  orientation  distribution.  Traditional 
morphological  characterization  techniques  were  discussed  and  new  techniques  were  considered  including:  Raman 
light  scattering  for  in-situ  morphology  properly -morphology  correlation,  high  resolution  and  low  voltage  SEM. 
parallel  EELS  for  chemical  analysis  in  TEM,  synchrotron  radiation  in  X-ray  scattering  for  dynamic  studies,  and 
ultrasound  for  integrity  studies  in  consolidated  material.  Excellent  potential  exists  for  use  of  molecular  composites 
in  structural  applications  including  engineering  plastics,  composite  matrix  resins,  and  as  substitutes  for  fiber 
reinforced  composites.  Some  limitations  may  exist  when  compressive  and  toughness  properties  arc  evaluated,  but 
these  factors  cannot  be  considered  until  a  thermoplastic  or  thermoset  molecular  composite  is  devised. 
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ABSTRACT 


Rheological  properties  of  isotropic  solutions  of  rodlike  poly  (p-phenylene 
benzbisoxazole) ,  PBO,  flexible  chain  poly(2,5-benzoxazole),  ABPBO,  and  their 
miscible  blends  in  solution  are  described.  Measurements  include  steady  state 
properties  (the  viscosity  and  recoverable  compliance  as  functions  of  shear 
rate),  transient  properties  (the  recoverable  compliance),  and  dynamic 
mechanical  properties  (the  loss  and  storage  compliances  as  functions  of 
frequency).  The  relaxation  spectrum  of  the  blends  is  broader  than  that  for 
the  rodlike  chain,  and  tends  to  occur  at  longer  times,  reflecting  a  viscosity 
enhancement  that  occurs  with  the  blends.  The  measured  zero  shear  viscosities 
for  rod  and  blend  solutions  are  compared  with  predictions  based  on  the  model 
of  Doi  and  Edwards. 


INTRODUCTION 


Rodlike  polymers  containing  heterocyclic  aromatic  groups  in  the  main 
chain  have  shown  promise  as  reinforcing  agents  in  rod-flexible  chain 
composites  [1  ]•  Above  a  critical  composition  for  formation  of  a  nematic  phase, 
rod-coil-solvent  mixtures  typically  exhibit  a  broad  biphasic  regime,  in  which 
the  flexible  chain  is  predicted  to  be  essentially  excluded  from  the  nematic 
phase  [2].  In  order  to  maintain  an  intimate  dispersion  of  the  rodlike  chain  in 
the  flexible  chain  matrix,  fibers  and  films  are  processed  from  the  iaotropic 
phase.  It  is  therefore  important  to  understand  the  dynamics  of  iaotropic 
mixtures  of  rods  and  flexible  chains. 

The  model  of  Doi  and  Edwards  for  isotropic  solutions  of  caged  rods  treats 
the  rod  constraint  release  mechanism,  for  movement  of  a  rod  into  a  new  cage, 
as  the  translation  of  a  rod  along  its  length  by  a  distance  proportional  to  its 
contour  length  [31.  This  treatment  gives  a  result  for  the  rotational  diffusion  of 
a  caged  rod  which  leads  to  an  expression  for  the  zero  shear  viscosity  jj0 
given  by 


Vo/Vs  -  (cL/Mi,)3  f 

„  (1) 

f  --  [1  -  B(c/c*)]-2 


whore  tjB  ia  the  solvent  viscosity,  c,  M,  L  and  [tjJ  ore  the  rod  concentration, 
molecular  weight,  length  and  intrinsic  viscosity,  respectively,  Ml  -  M/L  and  K 
and  B  are  parameters  determined  by  fitting  the  equation  to  experimental  data. 
Here,  f  is  a  crowding  factor  accounting  for  the  severe  restriction  of  the  rod 
rotation  which  occurs  at  concentrations  approaching  (but  less  than)  the 
critical  rod  concentration  cR*  for  the  formation  of  an  ordered  phase  [4).  In 
practice,  B  ia  found  to  be  close  to  unity  [4].  In  the  following,  eq.  1  will  be 
used  to  predict  the  viscosities  of  both  rod  and  blend  solutions. 
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EXPERIMENTAL 


Dry  polymers  were  received  from  the  Dow  Chemical  company.  Static  and 
dynamic  light  scattering  and  intrinsic  viscosity  measurements  give  a  weight 
average  chain  length  Lw  =  170  nm  for  PBO,  and  Lw  =  320  nm  for  ABPBO. 
Rheological  experiments  included  steady  state  viscosity  and  recovery,  transient 
creep  and  recovery  and  dynamic  mechanical  measurements.  Steady  state 
viscosity  and  creep  and  recovery  measurements  were  carried  out  using  either 
a  wire  suspension  rheometer  (5]  or  a  gas  bearing  rheometer  [6].  Dynamic 
mechanical  measurements  were  performed  using  the  latter. 

The  linear  transient  shear  creep  compliance  J(t)  =  y(t)/<r  is  given  by  [7] 


J(t)  =  R(l)  +  t/vo 


(2) 


where  7<t)  is  the  strain  at  time  t  after  imposition  of  a  constant  stress  <r,  rj0  is 
the  linear  steady  state  shear  viscosity  and  R(t),  the  recoverable  compliance. 
The  latter  may  be  determined  as  yr{t)/e,  where  7r(t)  is  the  recovered  strain 
at  time  t  after  cessation  of  an  imposed  stress  a  for  a  time  long  compared  to 
the  longest  relaxation  time  of  the  sample.  At  long  times  R(t)  equals  the  linear 
steady  state  recoverable  compliance  Roi  R(t)  is  often  represented  as  a 
discrete  spectrum  of  retardation  limes  Xj  and  weight  factors  Rj  [7]: 

N 

Ro  -  R(i)  =  S  Ri  exp{-t/Xj)  (3) 

i=l 


The  dynamic  storage  and  loss  compliances,  J’(o)  and  respectively, 

were  determined  by  measurement  of  the  in-phase  and  out-of-phase  components 
of  the  sinusoidal  strain  7(t)  resulting  from  imposition  of  a  sinusoidal  stress. 
The  complex  viscosity  !)<](«)  z  [«  Id  (")]”*  and  the  dynamic  viscosity  n'(“)  = 
J"(")/[“Jd(“)^li  where  Jd(u)  =  {J’(u)3-  +  J"[«)2]l/2(  will  be  discussed  below. 


RESULTS 


The  viscosities  of  isotropic  PBO/MSA  solutions  are  described  by  eq.  1 
with  the  K  -  8.6  x  10“®  and  B  -  0.96.  These  are  in  accord  with  values 
obtained  with  other  rod  solutions  [4].  The  viscosities  of  solutions  of  PBO  and 
ABPBO  are  plotted  against  cLw  in  Pig.  1.  The  enhancement  of  Vo  on  addition  of 
flexible  chain  to  rod  solutions  is  also  shown  in  Fig.  1,  where  the  viscosities 
for  blend  systems  are  plotted  against  total  polymer  concentration  times  the 
rod  length.  In  Pig.  1  and  in  the  following,  the  rod  concentration  in  a  rod  or 
blend  system  is  denoted  c„. 

Data  on  J’(«)  and  J"(u)  for  two  blend  compositions  are  shown  in  Pig.  2, 
along  with  data  on  J(t)  and  R(t)  for  these  systems.  As  has  been  reported 
elsewhere  [4,8,9],  rheological  functions  for  solutions  of  rod,  flexible  chain  and 
blend  systems  can  be  reduced  using  the  parameter  tc  z  npRo.  For  example, 
R(t)  is  plotted  as  R(t)/Ro  versus  t/rc  in  Fig.  2  for  different  rod 
concentrations.  For  both  rod  and  blend  systems,  the  steady  stale  viscosities 
Vk,  at  shear  rate  *,  is  about  equal  to  V(«)  for  *  s  a,  aa  expressed  by  the 
Cox-Merx  relation  [7];  i)d(°)  tended  to  be  larger  than  n*  for  the  larger  a.  In 
addition,  over  the  range  in  the  time  scale  for  which  both  dynamic  and 
transient  data  are  available,  the  Markovits-Riande  relation  [7] 
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LOG  cLw  (g/cm^) 

FIGURE  l!  Zero  shear  viscosities  of  rod  (at  and  flexible  chain  (  •  1  solutions 
as  a  function  of  cL  (see  equation  1).  For  comparison  with  rod  viscosities, 
blend  viscosities  ore  plotted  versus  the  product  of  total  polymer  concentration 
and  rod  length.  The  symbol  ♦  denotes  blends  in  which  various  amounts  of 
flexible  chain  were  added  to  rod  solutions  at  c„  r  0.028  g/ml;  a  denotes 
blends  with  cR  -  0.043  g/ml. 


FIGURE  2:  Dynamic  and  transient  rheological  functions  for  two  bland 

compositions:  c*  -  0.043  g/ml,  c,  =  0.031  g/ml  (with  pips)  and  c*  -  0.043  g/ml, 
c t  =  0.01S  g/mi  (without  pips).  Symbols  denote  the  following  functions: 

J'fut/Ro  3  ,  J"(«  1/Ro  a  .  R(t)/Ro  •  ,  J(1)/Rq  •  .  The  solid  lino  gives 

Jd(u)/Ro  for  the  blende;  the  dotted  lines  is  J’M/Rq  for  e  rod  solution  at 
c(  :  0.043  g/mL 
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J(t>  *  Jd(u)  at  u"1  =  t 


(4) 


is  a  reasonable  approximation  for  these  systems.  The  addition  of  the  flexible 
chain  to  rod  solutions  broadens  the  relaxation  spectrum,  as  can  be  seen  by 
the  change  in  the  shapes  of  rheological  functions  in  the  short  time  regime 
(see  Fig.  2). 


DISCUSSION 


The  nonlinear  viscoelastic  behavior  exhibited  by  the  materials  examined  in 
the  present  study  is  described  by  a  factorized  form  of  the  BKZ  constitutive 
equation  [10]: 


»(t)  =  |tjt*[(t  -  a);  7(t)  -  r(a)]  (7(t)  -  7(a)]  da 


(5) 


where  7(t,s)  =  j(t)  -  7(b) .  A  form  for  K*  which  has  proved  successful  for 
both  isotropic  rodlike  and  flexible  chain  polymer  solutions  is  [4,8] 


where 


dG(t  -  s) 

K*((t  -a) ; 7(t,a) )  =  -f(7<t,a))  - 

8(t  -  a) 

f(7(t,a))  =  exp[  — IjlixSil - 1_  j 

ra  =  0  for  1 7(t,s)  I  <  7 9 
m  =  1  for  1 7(t,s)  I  *  y* 


(6) 


Here,  G(t)  is  the  linear  shear  relaxation  modulus.  The  latter  may  usually  be 
represented  as  a  discrete  relaxation  spectra.  An  experimental  procedure  to 
determine  7 9  and  7"  is  described  in  reference  8.  This  model,  previously 
successfully  applied  to  the  blend  system  PBT/nylon/MSA  [9],  provides  good 
fits  to  the  nonlinear  behavior  of  the  PBO/ABPBO/MSA  blend  and  the  PBO/MSA 
systems.  The  narrow  range  of  relaxation  times  available  for  the  ABPBO/MSA 
system  prohibited  adequate  representation  of  its  nonlinear  behavior. 

A  phase  diagram  for  the  room  temperature  phase  behavior  of  the 
PBO/ABPBO/MSA  system  is  shown  in  Pig.  3.  As  can  be  seen  in  Fig.  3,  the 
addition  of  flexible  chain  causes  a  drop  in  the  critical  rod  concentration 
required  for  the  onset  of  the  ordered  phase.  For  a  given  rod  system,  eq.  1 
indicates  that  the  critical  rod  concentration  cRi  affects  the  zero  shear 
viscosity  through  the  crowding  factor  f.  For  blends  in  which  the  relaxation 
mechanism  of  longest  time  scale  is  rod  rotation,  i.e.  rf  <  where  tf  is 

the  time  scale  for  flexible  chain  disengagment  and  is  the  time  scale  for 

rod  rotational  diffusion,  we  may  consider  the  rod  rotational  diffusion  to  be  the 
sole  determinant  of  T)0,Sf  the  blend  zero  shear  viscosity.  In  this  case,  no,t  »• 
given  by  eq.  1,  with  cR*  replaced  by  £R,  the  critical  rod  concentration  for 
formation  of  an  ordered  phase  in  the  blend.  The  ratio  of  *|0|§  and  tj0  for  a 
given  rod  concentration  is  then  given  by 


*0,  B 


1  -  B(cr/c„*) 

I  -  B* (c„/eR) 


2 


(7) 
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PBO 


FIGURE  3:  Phase  diagram,  at  T  =  25  °C,  for  PBO/ABPBO/MSA:  Open  circles 
denote  the  isotropic  phaae;  filled  circles  denote  the  ordered  phase;  the 
coexistence  line  shown  represents  the  prediction  of  the  Flory  model  [2). 


’’O.i/lo 


FIGURE  4:  Ratios  of  blend  to  rod  viscosities  ss  a  function  of  flexible  chain 
concentration  cF.  Points  denote  experimentally  determined  values,  with 
symbols  denoting  blend  compositions  as  in  FIGURB  1.  Lines  denote  viscosity 
ratios  calculated  by  equation  7,  as  described  in  text.  Upper  line;  blends  with 
c*  -  0,043  g/ml.  Lower  line;  blends  with  c*  =  0.028  g/ml. 
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For  the  blends  6„  will  be  estimated  from  the  phase  diagram  shown  in  Fig.  3. 
A  line  from  the  solvent  (MSA)  apex  through  a  given  point  represents  all 
compositions  with  rod  to  flexible  chain  ratios  equal  to  that  of  the  blend 
represented  by  that  point;  fig  is  estimated  as  the  rod  concentration  for  the 
point  at  which  this  line  intersects  the  isotropic-nematic  coexistence  line.  With 
fig  values  obtained  in  this  way  from  Fig.  3,  and  assuming  B’  =  B,  eq.  7  can  be 
used  to  calculate  ’)o,t/T1o-  Calculated  ’)0,t/T!o  values,  along  with  experimentally 
determined  values,  are  presented  in  Fig.  4. 

For  the  two  blends  at  the  higher  rod  concentration  (cR  =  0.043  g/ml),  the 
calculated  viscosity  ratios  are  close  to  the  measured  values.  For  blends  with 
eg  =  0.028  g/ml,  the  calculated  viscosity  ratios  are  substantially  lower  than  the 
measured  values.  Thus  the  above  calculation  underestimates  the  extent  of 
viscosity  enhancement  that  occurs  upon  adding  flexible  chain  to  rods  at  this 
concentration.  This  discrepancy  may  result  from  neglect  of  the  possibility  of 
a  contribution  to  the  blend  viscosity  involving  the  disengagement  time  of  the 
flexible  chain.  This  possibility  must  be  considered  for  the  present  system, 
since  the  pure  component  viscosities  are  comparable  (see  Fig.  1).  Indeed  the 
broadening  of  the  relaxation  spectrum  upon  addition  of  flexible  chain  (Fig.  2) 
suggests  significant  contributions  from  relaxation  mechanisms  involving  the 
flexible  chain.  In  this  case,  the  relation  rf  <  trjj  sited  above  as  a 
n accessary  condition  for  the  use  of  eq.  7,  would  no  longer  be  valid,  and 
should  be  replaced  by  rf  “  rg^.  Models  which  predict  the  viscosity  of  rod- 
coil  blends  in  the  latter  regime  are  not  yet  available. 
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Thermoplastic  microcomposites  offer  the  potential  for  better  economics 
and  improvements  in  composite  processing,  and  possibly  performance,  over 
conventional  "string-and-glue"  composites.  The  early  development  of  molec¬ 
ular  composite  technology  focused  on  polyamide  matrix  polymers;  however,  for 
many  aerospace  applications  higher  use  temperatures  and  greater  solvent  re¬ 
sistance  than  that  of  conventional  polyamide  matrices  will  be  required. 

This  paper  describes  work  performed  under  contract  to  the  U.S.  Air  Force  to 
develop  PBZT  (poly  p-phenylene  benzobisthiazole) /thermoplastic  molecular 
composites  with  high  performance  matrix  resins  into  a  viable  technology. 

A  scaleable  process  has  been  defined  based  on  a  novel  technology  devel¬ 
oped  by  Du  Pont.  Advantages  of  this  process  include  better  economics, 
superior  processing  performance,  and  Improved  MC  fiber  tensile  properties 
versus  prior  art.  Ur.ing  this  process  we  have  obtained  rule-of-mixtures 
properties  in  our  microcomposite  fibers  with  matrix  polymers  offering  use 
temperatures  from  330  to  600°F.  Consolidation  of  PBZT/PEKK  fibrous  preforms 
into  uniaxial  panels  up  to  10"  x  15"  has  been  demonstrated  and  material  prop- 
perty  evaluation  and  data  base  development  are  in  progress.  Uniaxial  proper¬ 
ty  levels  achieved  to  date  for  all  systems  compare  favorably  with  conventional 
"string-and-glue"  PBZT/epoxy  composites  although  as  with  other  organic  fiber 
reinforcements,  compressive  and  shear  performance  may  be  limiting  factors  in 
MC  applications. 


INTRODUCTION 

Conceptually,  molecular  composites  are  dispersions  on  a  molecular  scale 
of  rigid  rod  polymer  molecules  in  a  matrix  of  flexible  coil  polymers,  formed 
by  the  coagulation  of  a  dilute  isotropic  solution  containing  these  components 
[1-31.  In  the  original  concept,  phase  segregation  of  the  rod  and  coil  polym¬ 
ers  into  separate  phases  was  to  be  avoided,  because  the  rigid  rod  molecules 
tended  to  aggregate  to  form  domains  with  low  aspect  ratios  ("footballs") 
which  led  to  ineffective  reinforcement  and  hence  low  mechanical  properties 
[2].  To  avoid  phase  segregation,  very  low  concentrations  (below  the  critical 
concentration  of  3.5%)  were  generally  used.  We  have  found,  however,  that 
under  certain  conditions,  and  using  higher,  more  practical,  solution  concen¬ 
trations,  the  rigid  rod  polymer  aggregates  to  form  a  fibrillar  microscopic 
rather  than  molecular  dispersion  (rod  domains  of  1,000-10,000  vs.  < 30  ang¬ 
stroms),  with  high  aspect  ratio  rigid  rod  domains.  These  "microcomposites", 
(MCfs),  exhibit  higher  tensile  properties  in  fiber  preforms  than  molecular 
composites  [4].  These  thermoplastic  microcomposites  offer  the  potential  for 
better  economics  (no  resin  impregnation  step)  and  performance  over  conven¬ 
tional  "string-and-glue"  composites. 


MATRIX  SELECTION  CRITERIA 

There  are  several  important  requirements  for  the  matrix  resins  to  be 
used  in  PBZT-based  molecular  or  microcomposites.  Particularly,  the  matrix 
must  be  soluble  and  stable  in  the  strong  acid  solvents  (e.g.,  methanesulf onic , 
polyphosphoric)  required  for  processing  rigid  rod  polymers.  Additionally, 
the  polymer  must  be  sufficiently  thermally  and  thermo-oxidat ively  stable  to 
permit  heat  treatment  at  elevated  temperatures.  Lastly,  the  matrix  must  be 
capable  of  forming  a  stiff,  strong  molecular  composite  preform  which  can  be 
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consolidated  by  heat  and  pressure.  Additionally,  for  the  "new  thermoplastic" 
matrix  resin,  we  sought  to  identify  polymers  which  offered  advantages  over 
the  polyamides  used  in  earlier  studies  of  molecular  composites,  primarily 
higher  Tg  and  improved  solvent  resistance.  Goal  levels  for  the  use  tempera¬ 
ture  of  the  matrix  were  set  at  250,  350,  450  and  600°F  (121,  177,  232  and 
315°C).  On  the  basis  of  processibility  and  potential  use  temperature,  three 
polymers  were  selected  for  in-depth  study  in  this  program,  PEKK,  and  the 
polyimides  used  in  Du  Pont's  Avimid*  K  and  N  reinforced  resin  composite 
structures  (referred  to  as  "K-polymer"  and  "N-polymer"  respectively) .  The 
work  described  in  this  paper  focuses  on  these  three  matrix  systems. 


MI CROCOMPOS ITE  PREPARATION 

Microcomposite  preforms  (e.g.,  fiber,  film)  are  prepared  via  a  process 
similar  to  that  described  for  forming  molecular  composite  preforms  [2,3]. 
First,  a  solution  consisting  of  both  rigid  rod  and  flexible  coil  polymers  in 
an  appropriate  solvent  is  prepared  and  intimately  mixed  to  effect  dispersion. 
After  deaeration,  the  solution  is  then  extruded  to  produce  the  desired  pre¬ 
form,  which  in  this  work  has  primarily  been  in  the  form  of  continuous  fibers. 
The  preforms  are  produced  via  air  gap  spinning,  with  orientation  imparted  to 
the  rigid  rod  component  (PBZT)  through  shear  in  the  capillary  and  spin  draw 
In  the  air  gap.  After  spinning  and  solvent  extraction,  the  fibrous  micro¬ 
composite  preforms  are  heat  treated  under  tension  to  increase  orientation, 
thereby  enhancing  tensile  strength  and  modulus. 

The  microcomposite  fibrous  preforms  are  converted  into  three  dimensional 
structures  via  a  two-step  process.  First,  the  preform  is  wrapped  around  a 
flat  plate  and  pressed  to  form  a  coherent  sheet  with  the  fiber  axes  aligned 
unidlrectionally ,  analogous  to  a  conventional  composite  prepreg.  Secondly, 
the  sheet  is  cut  into  plies  of  the  desired  size  which  can  be  stacked  to  form 
a  laminate  which  is  then  consolidated  via  application  of  heat  and  pressure. 


PBZT /PEKK  MC* s 

PEKK  (poly(etherketoneketone))  is  a  semi-crystalline  thermoplastic  resin 
offering  intermediate  use-temperature  performance  comparable  to  3501-6  epoxy 
or  PEEK  (poly (etheretherketone) )  resins.  It  has  a  glass  transition  tempera¬ 
ture  of  156°C  and  offers  excellent  resistance  to  organic  solvents  [5,6]. 

Based  on  these  properties  as  well  as  its  excellent  solubility  and  stability 
in  the  strong  acid  solvents  required  to  process  PBZT,  PEKK  was  selected  as 
a  matrix  for  raicrocomposites  evaluation. 

Acid  solutions  of  PBZT/PEKK  (60/40  v/v  rod/coil  ratio)  were  air-gap  spun 
on  a  capillary  rheometer  over  a  range  of  conditions  with  excellent  continuity 
(no  filament  breaks)  to  form  10  filament  fibrous  microcomposite  precursor 
yarns  (nominal  denier  45).  High  spin  stretch  was  achieved,  which  resulted 
in  a  high  degree  of  orientation  of  the  rigid  rod  molecules  in  the  as-spun 
fibers,  as  evidenced  by  average  orientation  angles  for  the  PBZT  of  12-17 
degrees  measured  by  X-ray  diffraction.  The  apparent  crystal  size  was  typi¬ 
cally  in  the  range  20-25  angstroms.  As-spun  tensile  strengths  were  in  the 
range  of  100-200  ksi,  with  elongations  to  break  in  the  range  1-2. 5Z  and 
moduli  of  9— 1 4  Msi.  Tension  heat  treatment  of  the  as-9pun  yarns  increased 
the  degree  of  orientation,  resulting  in  average  orientation  angles  of  5-7 
degrees  and  apparent  crystal  sizes  of  50-56  angstroms.  Typical  tensile  prop¬ 
erties  of  the  heat  treated  PBZT/PEKK  microcomposite  fibrous  preforms  were 
200-310  ksi  strength,  19-25  Msi  modulus  and  0.5-1. 21  elongation  to  break, 
(single  filament  breaks),  with  heat  treated  property  levels  varying  with  the 
.is-spun  fiber  properties  and  the  temperature  and  tension  used  in  heat  treat¬ 
ment.  If  these  properties  are  normalized  to  account  for  the  fraction  of  PBZT 
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(60%  by  volume),  a  strength  and  modulus  of  500  ksi/38  Msl  are  obtained  for 
the  PBZT  reinforcement.  These  property  levels  are  typical  of  neat  PBZT  fi¬ 
bers  (7],  indicating  that  "rule-of-mixtures"  properties  have  been  obtained 
in  the  microcoraposite  fibrous  preforms. 

PBZT/PEKK  fibrous  preforms  were  molded  into  6"  x  1/2"  unibars  by  the 
two-step  process  described  above.  These  bars  had  theoretical  densities  and 
good  C-scans  (loss  <2  dB  at  5  MHz)  indicating  good  consolidation.  The  mech¬ 
anical  properties  of  PBZT/PEKK  (60/40  v/v)  unibars  are  summarized  in  Table  I. 
The  specific  mechanical  properties  are  compared  to  several  other  composite 
materials  in  Figures  1-2.  The  tensile  properties  and  flex  and  compressive 
moduli  are  comparable  to  those  obtained  for  conventional  composites  reinforced 
with  PBZT  or  a  mid-range  carbon  fiber  such  as  T300.  In  Figure  2,  the  specific 
tensile  strength  reported  for  the  PBZT/PEKK  MC  bar  is  somewhat  lower  than  for 
the  PBZT/epoxy  conventional  composite;  however  if  full  translation  of  the  MC 
yarn  strength  to  the  bar  can  be  achieved,  the  tensile  strength  of  the  PBZT/ 

PEKK  should  be  approximately  that  of  the  PBZT/epoxy.  The  lower  density  of 
the  microcomposite  versus  carbon  reinforced  composites  leads  to  an  advantage 
in  specific  tensile  properties.  Preliminary  tensile  tests  of  9"  microcompos¬ 
ite  specimens  have  yielded  somewhat  higher  moduli,  up  to  24  Msi.  Based  on 
these  high  moduli,  the  microcomposites  would  be  suitable  for  stiffness-critical 
ipplications . 


TABLE  I:  Mechanical  Properties  of  PBZT/PEKK  (60/40)  Unibars 


Tensile 

Flex 

Compressive 

Short-Beam  Shear 

Strength  (ksi) 

175 

80 

32 

4.8 

Modulus  (Msl) 

19 

20 

20 

— 

The  flex  and  compressive  strengths  compare  poorly  with  carbon  fiber 
reinforced  materials.  The  properties  are  typical  of  organic  fiber  reinforced 
composites  and  reflect  the  poor  compressive  strength  of  PBZT.  This  deficiency 
in  compressive  and  flexural  strength  will  limit  the  utility  of  rigid  rod  MC's 
for  primary  structural  applications.  Note  that  no  significant  advantage  is 
found  for  microcomposites  versus  conventional  composites  in  mechanical  prop¬ 
erties,  including  compressive  strength,  based  on  our  results  to  date. 
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12  3  4 

FIGURE  2:  Specific  strengths  of  PBZT/PEKK  MC  compared  to  conventional  composites 


In  addition  to  molding  6"  x  1/2"  unibars,  several  6"  x  3"  panels  were 
also  consolidated.  These  panels  had  theoretical  densities  and  good  C-scan 
quality,  similar  to  that  of  the  smaller  unibars.  Tensile  and  flexural  test 
coupons  cut  from  these  panels  had  mechanical  properties  typical  of  the  indi¬ 
vidually  molded  unibars.  Panels  up  to  10"  x  Z5"  x  0.100"  in  size  with  theo¬ 
retical  densities  and  acceptable  C-scans  have  been  produced  and  shipped  to 
Boeing  Advanced  Systems  Co.  for  evaluation. 


PBZT/Pt  MC’s 

K-polymer  is  the  matrix  resin  used  in  Du  Pont's  composites  of  Avimid®  K. 
This  amorphous  polyimide  has  a  glass  transition  temperature  of  250°C,  good 
thermo-oxidative  stability  and  excellent  resistance  to  organic  solvents.  N- 
polymer  is  the  polyimide  matrix  resin  used  in  Du  Pont's  composites  of  Avimid® 

N.  This  non-crystalline  polymer  has  a  glass  transition  temperature  of  340- 
370°C,  excellent  thermo-oxidative  stability  and  good  resistance  to  organic 
solvents.  Because  of  their  high  Tg's  and  stability,  both  K  and  N  polymers 
»ire  of  interest  in  high  temperature  applications. 

Acid  solutions  of  K  polymer  and  PBZT  were  mixed  and  spun  similarly  to 
the  PBZT/PEKK  microcomposite  solutions  to  form  10-filament  yarns  of  the  fi¬ 
brous  microcomposite  precursor.  The  PBZT/K  yarn,  however,  did  not  sustain  as 
much  spin  stretch  as  the  PBZT/PEKK.  The  effect  of  this  lower  attenuation  was 
evident  in  the  as-spun  orientation  angles  of  25  to  32  degrees  for  PBZT/K  as 
compared  to  the  12-17  degree  orientation  angles  obtained  for  as-spun  PBZT/ 

PEEK.  Tensile  properties  of  the  as-spun  PBZT/K  yarns  were  in  the  range  100- 
16 J  ksi  strength,  2.5-7 Z  elongation  to  break,  4-8  Msi  modulus.  Tension  heat 
treatment  of  the  PBZT/K  yarns  decreased  the  orientation  angle  to  8-12  degrees. 
The  tensile  properties  of  heat  treated  PBZT/K  microcomposite  preform  yarns  were 
increased  to  250  ksi/25  Msi  strength  and  modulus,  which  represent  approximately 
"ru I e-oi -mixtures"  properties  and  are  comparable  to  carbon  fiber  reinforced 
composite  tensile  properties. 

Heat  treated  PBZT/K  yarns  were  consolidated  into  6"  x  1/2"  unibars  by 
the  same  process  used  for  PBZT/PEKK.  The  as-molded  bars  had  good  C-scans 
t  h  ilB  loss  at  5  MHz)  and  near  theoretical  densities.  Tensile  strength  and 
moduli  of  the  bars  averaged  70  ksi  and  15  Msi,  respect i vely .  The  low  strength 
is  believed  to  be  the  result  of  tab  failure  rather  than  true  tensile  breaks. 
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Flex  strength  and  modulus  of  the  PBZT/K  bars  averaged  58  ksi  and  15  Msi, 
which  are  comparable  to  the  values  reported  for  PBZT/epoxy  conventional  com¬ 
posites  [8],  Similarly  to  the  PBZT/PEKK  values,  the  low  flexural  strength 
of  the  PBZT/K  microcomposite  is  attributed  to  the  low  compressive  strength 
of  the  PBZT  reinforcement.  The  average  short  beam  shear  strength  measured 
for  the  PBZT/K  unibars  was  only  2.5  ksi,  approximately  half  that  of  the  PBZT/ 
PEKK  microcomposite  and  a  PBZT/epoxy  conventional  composite.  This  indicates 
that  even  though  the  PBZT/K  microcomposite  consolidated  well,  there  is  rela¬ 
tively  poor  adhesion  within  the  laminate. 

An  acid  solution  of  PBZT/N  (60/40  v/v)  was  spun  in  a  similar  manner  to 
the  PBZT/K.  High  spin  stretch  and  moderate  orientation  (25  degrees)  were 
obtained  in  the  as-spun  fibrous  preform  which  had  tensile  properties  of  200 
ksi  strength  and  9.4  Msi  modulus.  Tension  heat  treatment  decreased  the  aver¬ 
age  orientation  angle  to  6.5  degrees  with  a  corresponding  increase  in  tensile 
strength  and  modulus  to  280-400  ksi  and  23.8-29.5  Msi,  respectively,  depend¬ 
ing  on  the  heat  treatment  conditions.  An  initial  attempt  at  consolidating 
the  PBZT/N  yarns  was  only  marginally  successful;  however,  this  experiment  was 
performed  at  relatively  low  pressures  and  further  experimentation  is  expected 
to  lead  to  improved  adhesion.  Based  on  the  temperature  capabilities  of  PBZT/ 
N  polymer  microcomposites  and  the  excellent  tensile  properties  obtained,  this 
material  appears  quite  promising  if  good  consolidation  can  be  obtained. 


SUMMARY 

PBZT-based  microcomposites  with  advanced  thermoplastic  matrices  have 
been  investigated.  A  scaleable  spinning  process  has  been  developed  to  pro¬ 
duce  high  yields  of  PBZT/PEKK  microcomposite  preform  yarns  having  "rule-of- 
mixtures"  tensile  properties.  PBZT/PEKK  microcomposite  unibars  have  moduli 
comparable  to  T300  or  AS-4  carbon  fiber  reinforced  composites  and  may  be 
suitable  for  stiffness-critical  applications.  Microcomposite  fibrous  pre¬ 
forms  of  PBZT/K  have  been  produced  with  high  tensile  properties  and  compres¬ 
sion  molded  to  form  well-consolidated  unibars.  PBZT/N  microcomposite  fibrous 
preforms  have  outstanding  tensile  properties  and  may  be  suitable  for  applica¬ 
tions  at  temperatures  >650°?,  although  consolidation  of  these  preforms  has 
yet  to  be  demonstrated.  Further  effort  will  be  aimed  at  developing  these 
polyimide  matrix  microcomposites.  Preliminary  data  indicates  that  micro- 
composites  offer  no  distinct  differences  in  static  mechanical  properties  vs. 
conventional  composites  with  the  same  constituents.  Structural  applications 
for  rigid  rod  raicrocomposites  are  likely  to  be  limited  by  the  poor  compres¬ 
sive  strengths,  which  are  typical  of  organic  polymer  reinforced  composites. 
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PBZT/POLYAMIDE  THERMOPLASTIC  MICRO-COMPOSITES  - 
AN  OUTGROWTH  OF  MOLECULAR  COMPOSITES  DEVELOPMENT 

WILLIAM  C.  UY  AND  E.  R.  PERUSICH 

E.  I.  du  Pont  de  Nemours  &  Co.,  Inc.,  Experimental  Station,  P.  0.  Box  80302, 
Wilmington,  DE  19880-0302 


ABSTRACT 

Molecular  composites  are  dispersions  of  rigid-rod  polymer  molecules  in  a 
matrix  of  flexible  coil  polymers,  formed  by  the  coagulation  of  a  solution  con¬ 
taining  these  components.  Where  there  is  aggregation  of  the  rigid-rod 

molecules,  such  composites  are  called  micro-composites  (MC's).  These  compos¬ 
ites  offer  the  potential  for  better  economics  and  improvements  in  composite 
processing,  and  possibly  performance,  over  conventional  'string  and  glue' 
composites.  This  paper  describes  work  performed  under  contract  to  the  U.  S.  Air 
Force  to  develop  PBZT/thermoplastic  molecular  composites  into  a  viable  tech¬ 
nology. 

A  commercially  viable  MC  spinning  and  heat-treatment  process  has  been 
defined  based  on  a  novel  mixed  solvent/quaternary  solution  technology  devel¬ 
oped  by  Du  Pont.  Advantages  of  this  process  include  better  economics,  superior 
processing  performance,  and  improved  MC  fiber  tensile  properties  versus  prior 
art.  PBZT/polyamide  MC  fibers  with  strength/modulus  of  332  ksi/29  Msi  have 
been  produced  using  this  process.  Adhesion  equivalent  to  that  obtained  in  con¬ 
ventional  composites  has  been  demonstrated.  Uni-axial  properties  achieved  to 
date  compare  favorably  with  conventional  "string  and  glue”  PBZT/epoxy  com¬ 
posites  although  compressive  and  shear  strengths  may  be  limiting  factors  in  MC 
applications. 


INTRODUCTION 

This  work  was  carried  out  at  the  Advanced  Structural  Materials  Technol¬ 
ogy  Center  of  the  Fibers  Department  of  E.  I.  du  Pont  de  Nemours  &  Co.,  Inc. 

This  presentation  is  on  the  development  of  general  process  technology 
for  PBZ-based  molecular  composites  and,  in  particular,  of  PBZT-based  products 
in  thermoplastic  polyamide  matrix  system. 

Du  Pont  involvement  with  PBZ*  technology,  the  Air  Force  Materials 
Laboratory  and  SRI  International  dates  back  to  1981,  when  research  focused  on 
the  neat  PBZT  polymer  in  developing  spinning  and  heat-treatment  processes 
for  this  true  rigid-rod  polymer  from  its  unusually  viscous  as-polymerized 
polyphosphoric  acid  solution  [1],  In  the  following  year  the  process  was  refined 
and  scaled-up  [2],  In  1985  and  1987,  we  expanded  the  experimental  production 
of  PBZT  fiber  for  the  Air  Force  and  converted  a  total  of  150  lbs.  of  the  polymer  to 
heat-treated  fiber  in  continuous  290-filament  yam.  As-spun  PBZT  fiber  has  a 
purplish  brown  color  while  optimally  heat-treated  fiber  has  a  shiny,  metallic 

blue  color.  The  average  tensile  strength  and  modulus  values  of  these 

production  yams  exceed  400  ksi/40  Msi  while  values  as  high  as  614  ksi/49  Msi 
(Table  I)  have  been  obtained  for  lab-scale  produced  fibers. 

PBZ  polymers  in  general  have  outstanding  thermal,  oxidative,  and  hy¬ 
drolytic  stability  (2).  Trans-PBZT  and  cis-PBO,  in  particular,  are  the  most  impor¬ 
tant  and  true  rigid-rod  PBZ  polymers  [3,4].  Therefore,  they  are  ideal  as  rein¬ 

forcing  components  in  molecular  composites. 


*  PBZ  is  the  generic  terminology  used  to  refer  to  the  class  of  rigid-rod  hetero¬ 
cyclic  polymers,  which  have  been  under  development  with  support  of  the  Air 
Force  Materials  Laboratory. 
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The  specific  mechanical  properties  (Fig.  1)  of  various  high  performance 
Fibers  and  metals  are  compared  in  this  chart.  PBZT.  because  of  its  unique 
properties,  occupies  an  area  to  itself. 


MOLECULAR  AND  MICRO-COMPOSITES 

Dr.  T.  Helminiak  (U.  S.  Air  Force  Wright  Research  &  Development  Center) 
pioneered  the  concept  of  molecular  composites  (MC's)  as  early  as  1978.  A  patent 
[4]  was  issued  to  him  and  his  colleages  wherein  the  matrix  is  not  a  thermoplas¬ 
tic.  Their  patent  reads  "Rod-like  aromatic  heterocyclic  polymers  are  used  as  a 
reinforcement  in  coil-like  heterocyclic  polymer  matrices  to  provide  composites 
at  the  molecular  level  that  are  analogous  to  chopped  Tiber  composites."  In  the 
strictest  sense,  in  a  true  molecular  composite  the  reinforcing  component  would 
be  dispersed  on  a  molecular  scale  without  aggregation.  However,  theoretical 
and  experimental  considerations  have  shown  that  true  molecular  dispersion  is 
attainable  only  at  a  few  percent  of  rod  content  [5.6],  In  practical  applications, 
where  the  rod  content  would  more  likely  be  more  than  a  few  percent  (e.g.,  for 
normal  composite  application,  rod  content  is  usually  60  volume  %).  aggregation 
is  unavoidable.  The  scale  of  aggregation  can  range  from  a  state  where  it  is  not 
visible  even  at  very  high  TEM  magnification  to  a  state  where  there  are  clearly 
two  phases.  If  the  dispersion  of  the  rigid-rod  molecules  is  not  on  a  molecular 
level  but  rather  on  a  sub-micron  scale,  we  call  such  composites  micro-compos¬ 
ites  (MC's).  Therefore,  realistically,  this  discussion  will  be  on  micro-composites 
rather  than  molecular  composites. 

Why  MC's?  Potential  advantages  of  MC's  over  conventional  "string-and- 
gluc"  composites  are  better  economics  and  potential  superior  performance. 
Better  economics,  because  with  MC's.  the  pre-pregging  step  is  not  necessary 
since  the  matrix  is  already  built-in.  Superior  performance,  because  there  is  no 
macroscopic  interface  between  the  reinforcing  and  matrix  components  in  MC's. 
The  interface  is  on  a  suo-micron  level  and.  therefore,  the  very  high  interfacial 
area  can  reduce  stress  concentration.  The  chart  compares  the  relative  sizes  of 
the  reinforcing  component  for  conventional  and  micro-composites  with  two 
degrees  of  dispersion. 

The  general  objective  of  our  current  research  is  to  develop  thermoplastic 
molecular  composites  based  on  PBZT  into  an  industrially  viable  technology  by 
developing  process  techniques  to  produce  and  fabricate  bulk  material  forms. 
The  program  elements  are  essentially  the  same  for  the  thermoplastic  polyamide 
and  "new"  thermoplastic  matrix  system  with  one  exception,  i.e.,  research  on 
basic  processing  technology  and  design/fabrication  of  equipment  applicable 
for  both  polyamide  and  new  systems.  This  presentation  addresses  primarily  the 
polyamide  system. 


Thcxmoplasiic,  Eolyamidg-  -System 

Six  thermoplastic  polyamide  resins  (Table  II)  were  chosen  and  evaluated 
for  the  effects  of  crystallinity  versus  amorphous  character  and  glass  transition 
temperature.  Four  criteria  (Table  III)  were  used  in  screening  the  matrix  candi¬ 
dates:  Stability  in  strong  acid  solvents,  physical  and  chemical  compatibility,  MC 
fiber  properties  and  uni-directiona)  bar  properties. 

Good  compatibility  between  PBZT  and  the  matrix  resin  (Table  IV)  was 
found  to  be  important  in  achieving  good  properties.  Compatibility  was  deter¬ 
mined  from  calculated  solubility  parameters  [7]  and  interfacial  bond  adhesion 
[8J.  As-spun  fibers  were  heat-treated  to  develop  full  property  potential  and 
properties  were  found  to  improve  with  increasing  compatibility. 

The  solutions  from  which  MC  fibers  are  spun  from  can  be  isotropic  or 
anisotropic  depending  on  the  solution  concentration  [51  (Fig.  2).  When  the  so¬ 
lution  is  isotropic,  viscosity  increases  with  concentration  in  the  normal  man- 
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TABLE  I. 

HETEROCYCLIC  RIG  IP- ROD  POLYMERS 

•  WHY  f'BZ’  OUTSTANDING  THERMAL.  OXIDATTVE.  A 
HYDROLYTIC  STABILITY 

•  MOST  IMPORT  AST  HE.EROCYCUC  RJGtD-ROO  POLYMERS 
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ner.  Since  PBZT  is  a  liquid  crystalline  material,  the  increase  in  solution  viscos¬ 
ity  will  reverse  when  it  reaches  the  critical  concentration  of  about  3.5%  and  the 

solution  becomes  biphasic.  The  viscosity  drops  as  sharply  as  the  increase  in  the 

isotropic  phase  and  then  levels  off  at  higher  concentraiton. 

State-of-the-art  MC  fibers  (Table  V)  with  tensile  properties  as  good  as 
uni-axial  conventional  carbon/epoxy  composites  were  obtained  from  below 
critical  concentration  using  a  Du  Pont  patented  process  technology  [91-  Further 
improvement  in  properties  was  achieved  from  higher  concentration 

anisotropic  solutions  also  using  the  same  Du  Pont  technology.  The  high  mea¬ 

sured  strength/modulus  of  332  ksi/29  Msi  (18.4/1,600  gpd)  for  the  MC  back  cal¬ 
culated  to  553  ksi/48  Msi  (27.0/2,320  gpd)  for  neat  PBZT  indicates  that  rule-of- 
mixture  has  been  achieved  and,  therefore,  that  we  have  a  technologically  sound 
process.  Because  of  many  technical  problems  in  making  MC's  in  prior  art 

ternary  technology  (10,  11],  Du  Pont  developed  a  proprietary  mixed 

solvent/quatemary  process  which  not  only  eliminated  these  problems  but  also 
gained  several  process  advantages,  such  as  flexibility  in  accepting  different 
matrix  resins.  Comparison  between  this  novel  process  versus  prior  art  is  shown 
in  Table  VI.  The  quaternary  process  for  MC  fiber  properties  made  from  below 
the  critical  concentration  is  between  1.5  to  2.5x  higher  than  that  from  ternary. 

Above  the  critical  concentration,  the  quaternary  process  is  48  to  55x  higher 

than  ternary. 


Except  in  applications  such  as  ropes  or  soft  armors,  most  high  tech  appli¬ 
cations  require  the  high  performance  fibers  to  be  converted  into  composites, 
which  are  typically  articles  composed  of  the  fibers  glued  together  with  a  matrix 
resin  at  a  typical  60/40  volume  ratio  of  reinforcing  to  resin  materials.  An  "H" 
mold  was  used  to  make  direct-wound  uni-directional  composite  bars.  Since  MC 
fibers  already  have  built-in  thermoplastic  matrix,  composites  were  made 
without  a  pre-pregg.ng  step,  by  simply  applying  heat  and  pressure  to  effect 
consolidation.  Uni-directional  MC  composite  bars  have  comparable  flex, 
compressive  and  short-beam-shear  properties  as  conventional  PBZT/epoxy 
composites  (2]  and  are  just  as  deficient  as  PBZT  in  compressive  strength  as  com¬ 
pared  to  carbon  fibers  [  12].  As  shown  in  Table  VII,  MC  fiber  precursors  spun 
from  below  critical  concentration  appears  to  yield  somewhat  higher  compres¬ 
sive  strength,  but  the  compressive  strength  is  still  only  l/5lh  that  of  carbon 
fiber-based  composites.  MC  film  precursor  offers  no  advantage  in  compressive 
strength  versus  fiber  precursor. 

The  tensile  and  compressive  strength  of  PBZT,  although  representing  a 
significant  increase  over  other  low  modulus  commercially  available  organic 
fibers  [13],  is  in  the  range  of  other  organic,  high  modulus  fibers  like  Kevlar®. 
Nevertheless,  the  compressive  strength  of  30-41  ksi  is  considered  low  for 
primary  structural  applications.  The  high  tensile  and  compressive  moduli  of 
PBZT,  however,  are  as  high  as  pan-based  carbon  fibers  [  14).  In  addition,  the  fact 
that  PBZT  is  not  an  electrical  conductor  offers  an  advantage  over  carbon  fibers 
in  applications  where  high  stiffness,  non-conductive  and  corrosion  resistance 
are  important(Tabie  VIII). 

An  advantage  of  using  thermoplastic  matrix  is  reprocessability  of  com¬ 
posites.  Uni-directional  MC  bars  were  found  to  recover  100%  of  their  flex  and 
SBSS  properties  when  they  were  reconsolidated  by  remolding  the  failed  bars 
after  test  failure.  However,  a  test  of  recovery  of  tensile  strength  after  test 
failure  might  be  a  more  sensitive  measure  of  repairability. 

A  correlation  between  fiber  modulus  and  x-ray  orientation  angle  was  de¬ 
veloped  for  PBZT  [2]  and  its  MC's.  Since  the  polyamide  matrices  in  the  MCs  do 
not  contribute  to  the  orientation  significantly,  the  orientation  angle  values  are 
the  reflections  of  the  PBZT  molecular  orientation.  And  since  orientation  angle 
is  not  a  function  of  PBZT  content  while  modulus  is  a  function  of  PBZT  content, 
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the  modulus  vs.  orientation  angle  relationship  for  MC's  naturally  falls  below  the 
relationship  for  neat  PBZT  (Fig.  3). 


Status  of  Process  Development 

Spinning  and  heat-treatment  processes  were  successfully  scaled-up  from 
laboratory,  intermediate  and  finally  to  "production"  scales.  Numer¬ 

ous  60-lb  "production"  spin  batches  were  made  to  complete  a  total  of  25  lbs  of 
1,000  nominal  denier/290- filament  MC  yam.  Therefore,  the  prognosis  of  the 
developed  processes  for  commercial  viability  appears  very  good.  MC  fiber  ten¬ 
sile  properties  from  "production"  runs  are  as  good  as  intermediate-scale  fibers 
after  heat-treatment  (Fig.  4). 


MC  Data  Base  Development 

The  "production"  MC  yam  will  be  used  to  produce  consolidated  plates  with 
variety  of  orientation  for  testings  in  collaboration  with  Boeing  Advanced  Sys¬ 
tems  in  order  to  develop  the  first  comprehensive  MC  data  base.  A  wide  variety 
of  mechanical,  electrical  and  optical  tests  will  be  performed. 


SUMMARY 

A  promising  thermoplastic  polyamide  matrix  candidate  has  been  identi¬ 
fied.  Excellent  spinning  and  heat-treatment  processes  were  scaled-up  from 
laboratory  to  "production"  scale.  Commercial  viability  appears  very  good. 
Consolidated  MC  fibers  have  exciting  properies  and  are  repairable  with  100% 
recovery  in  properties.  Consolidated  uni-directional  bars  have  comparable  flex, 
compressive  and  short-beam-shear  properties  as  conventional  PBZT/epoxy 
composites  and  with  the  same  deficiency  in  compressive  strength.  Modulus, 
however,  is  comparable  to  pan-based  carbon/epoxy  in  tension/flex/compress¬ 
ion. 
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MORPHOLOGY  AND  FORMATION  OF  FIBRILLAR  STRUCTURE  IN  PBO  FIBER 

C.C.  CHAU,  J.H.  BLACKSON,  H.E.  KLASSEN  AND  W.-F.  HWANG 
The  Dow  Chemical  Company,  Midland,  MI  48674 


ABSTRACT 

Electron  microscopy  studies  showed  that  the  porous  structure  of  PBO  fiber  may  contain 
fractal  geometries;  i.e.,  the  void  spaces  are  self-similar  with  variations  in  magnification.  At  the 
fiber  surface,  a  dense  skin  which  consists  of  fibrils  was  observed.  In  the  matrix,  the  fibril  size 
is  about  5  to  50  nm  with  the  voids  distributed  randomly  among  the  fibrils.  The  fractal 
dimension  of  voids  in  PBO  fiber  as  determined  by  microscopy  and  image  analysis  was  found  to 
be  2.44.  The  fibrillated  fiber  showed  a  continuous  fibril  size  distribution  with  no  evidence  of 
fibril  size  hierarchy.  These  observations  suggest  a  nucleation  and  growth  mechanism  for  the 
formation  of  the  fibrillar  structure  in  PBO  fiber. 


INTRODUCTION 

The  structure  of  high  performance  fibers  is  an  interesting  subject  and  has  been  studied  for 
many  years.  Published  data  indicates  that  organic  fibers  are  highly  oriented  in  the  fiber  direction 
[  1],  Studies  on  Kevlar  aromatic  polyamide  fibers  showed  that  rod  shaped  crystallites  are 
oriented  (2-4]  along  the  fiber  axis  with  layered  stackings  [5-7]  held  together  by  H-bonds,  and 
with  weak  van  der  Waals'  attractions  in  the  lateral  direction.  Observations  on  PBT  [8]  have 
shown  that  these  fibers  could  contain  fibrils,  with  a  fibril  size  10  nm  or  smaller,  oriented  along 
the  fiber  axis.  The  fibrillar  nature  seems  to  allow  the  fiber  to  be  fibrillated  easily  by  both  tensile 
and  compressive  deformation  [3, 9]  or  by  a  simple  peel  test  [  10]. 

Interest  is  further  revolving  around  the  possibility  of  fibrillar  hierarchy.  Although  still  not 
clear,  fibrillar  morphology  has  been  recognized  as  one  of  the  most  important  features  of  organic 
fibers  since  mechanical  properties,  such  as  high  tensile  strength  and  modulus,  and  weak 
compressive  strength  [1 1],  are  believed  to  be  closely  related  to  the  fibrillar  nature  of  the  fiber.  In 
a  continuing  effort  to  understand  the  fibrillar  morphology  and  the  mechanism  of  fiber  formation, 
microtomed  thin  sections  of  PBO  fibers  were  examined  by  transmission  electron  microscopy. 
Details  of  the  fibrillar  morphology  were  observed  and  analyzed  quantitatively.  Some 
considerations  regarding  the  fibrillar  formation  mechanism  are  given. 


EXPERIMENTAL 

(1)  Electron  Microscopy:  PBO  fibers  were  prepared  from  dopes  of  a  copolymer  of 
polyfphenylene  benzobisoxazole)  (PBO)  in  polyphosphoric  acid  (PPA).  The  spun  filaments 
were  collected  in  water,  dried,  and  subsequently  heat  treated  at  elevated  temperatures  under 
tension.  Fibers  with  a  diameter  of  about  15  um  were  embedded  in  epoxy  resin.  Flat  silicon 
embedding  molds  were  used  with  the  fibers  oriented  parallel  to  the  long  dimension  of  the  molt) 
After  appropriate  trimming  of  the  epoxy  embedded  sample,  ultramicrotomy  was  performed  at 
room  temperature  with  a  Reichett  Ultracut  E  microtome  to  produce  sections  ranging  in  thickness 
from  40-70  nm.  New  areas  of  a  diamond  knife  were  used  continuously  to  avoid  damage  from 
the  cutting  edge.  Sections  were  collected  on  carbon  supported  copper  TEM  grids.  Complete 
intact  sections  without  folds  were  found  difficult  to  obtain.  Thin  sectioned  samples  were 
examined  using  a  JEOL  100  CX  ATEM  at  an  accelerating  voltage  of  100  KV. 

(2)  Image  Analysis:  Image  analysis  was  performed  by  using  a  Kontron  SEM-IPS  image 
analyzer.  Segments  of  images  from  TEM  photomicrographs  were  transferred  to  the  image 
analyzer  using  a  high  resolution  TV  camera.  The  captured  image  was  then  enhanced  by 
expanding  the  gray  level  to  the  full  256  gray  levels.  The  processed  image  was  compared  with 
the  original  image  to  insure  proper  selection  of  the  desired  region  of  the  image. 
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(3)  Fiber  Peel  Studies:  Strands  of  fiber  were  sandwiched  between  two  pieces  of  Scotch 
tape.  The  tape  was  then  peeled  apart.  The  peeled  tape  with  the  attached  fibers  was  examined  in 
an  ISI-DS130C  scanning  electron  microscope. 


RESULTS  AND  DISCUSSION 
( 1 )  The  Morphology  of  Fiber  after  Fibrillation 

Sawyer  and  Jaffe  [  10]  have  suggested  that  fibers  of  liquid  crystalline  polymers  may  possess 
a  hierarchical  nature,  e.g.,  macrofibrils,  fibrils  and  microfibrils.  In  the  present  investigation 
fibers  were  examined  on  a  macro  and  micro  level  in  an  attempt  to  determine  if  such  a  hierarchy 
exists  in  PBO.  Examination  of  the  peeled  PBO  fibers  showed  separated  segments  of  various 
sizes  as  shown  in  Fig-1.  The  fibrils  form  a  reticulated  network  with  the  larger  fibrils  mostly 
oriented  along  the  fiber  direction.  The  possibility  of  tearing  prohibits  determination  of  the  basic 
structural  unit  by  a  hand  peel  test.  The  number  and  size  distribution  of  the  fibrils  is  shown  in 
Fig-2.  The  distribution  is  continuous  with  the  most  probable  size  occurring  at  35  nm  or  lower. 
Fibrillar  size  smaller  than  20  nm  is  not  clear  or  measurable  from  the  micrographs.  No 
hierarchical  distribution  could  be  identified  within  the  area  examined. 


Fig-1  Fibrillar  network  produced  by  hand  peeling  of  a  strand  of  fiber 


(2)  Skin-Core  Structure  and  the  Morphology  of  PBO  Fiber 

An  ultramicrotomed  thin  section  of  a  fiber  prepared  from  a  copolymer  of  PBO  is  shown  in 
Fig-3(a).  The  fiber  cross-section  consists  of  two  regions  of  distinctly  different 
characteristics.  A  low  contrast  region  is  seen  around  the  periphery;  it  is  probable  that  this  is  a 
skin.  However,  examinations  of  fibers  from  various  spinning  runs  indicate  that  the  skin 
morphology  is  not  prevalent  in  PBO  fibers.  The  average  thickness  of  the  skin  in  this  particular 
sample  is  about  0.8  um  as  shown  in  Fig-3(b).  The  skin  seems  to  consist  of  densely  packed 
fibrils. 
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Fig-2  The  number  and  size  plot  of  fibrils  in  Fig- 1(a)  and  (b)  showing  a  continuous 
distribution  with  no  apparent  size  hierarchy 


Fig-3  (a)  The  morphology  of  a  microtomed  thin  section  of  a  PBO  copolymer  fiber  showing 
skin-core  structure  (The  dark  stripes  are  folds  of  sample  produced  in  microtoming) 
(b)  An  enlarged  view  of  a  portion  of  skin  in  Fig-3(a)  showing  densely  packed 
fibrils  in  the  skin 


In  the  core,  irregularly  shaped  fibrils  are  seen  with  boundaries  separating  them  as  shown  in 
Fig-4.  The  size  of  the  individual  fibril  appears  to  range  from  about  5  to  50  nm  and  no  size 
hierarchy  was  observed.  The  size  range  is  consistent  with  the  order  of  10  nm  reported  in  PBT 
(8].  Individual  fibrils  with  abnormally  large  or  small  sizes  are  not  observed.  These  fibrils  are 
presumably  oriented  along  the  fiber  axis.  Another  feature  evident  in  Fig-4,  is  the  contrast 
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variation,  which  could  indicate  the  presence  of  voids.  A  separate  study  by  small  angle  x-ray 
diffraction  concurred  with  such  a  possibility.  These  voids  appear  to  be  irregular  in  shape  and  are 
distributed  randomly  among  the  fibrils.  The  voids,  although  low  in  volume  content,  are  well 
dispersed  in  the  matrix  with  the  size  ranging  from  submicron  to  nanometer  level.  As  is  evident 
in  Fig-3(b),  some  void  area  is  created  in  this  fragile  material  during  microtomy. 


Fig-4  A  detailed  view  of  the  cross-sectional  morphology  of  fibrils  in  the  core  of  a 
PBO  fiber 


Assuming  that  the  relatively  bright  features  are  voids,  the  size  and  number  of  voids  were 
measured  from  TEM  micrographs  using  an  image  analyzer.  The  average  void  size  was 
measured  radially  across  the  fiber  at  a  magnification  of  50  kx.  The  void  size  did  not  vary 
systematically  with  distance  from  the  fiber  center  and  the  void  spacing  was  variable.  The  void 
area  percentage  in  the  cross-section  was  measured  at  three  different  magnifications  (10.8  kx,  87 
kx,  216  kx)  in  order  to  detect  voids  of  all  sizes.  The  void  area  percentage  was  plotted  as  a 
function  of  the  average  void  size  for  each  area  on  a  log-log  scale  as  shown  in  Fig-5.  While 
there  is  considerable  scatter  there  is  an  inverse  relationship  between  void  area  percentage  and 
void  size,  i.e„  most  of  the  void  volume  is  contributed  by  the  smaller  voids. 

If  the  v<nd  space  is  considered  to  possess  fractal  [12]  geometry  within  the  studied 
magnificat,,  m  range,  the  fractal  dimension  may  be  determined  from  Fig-5.  For  a  fractal  object, 
the  fractal  dimension  can  be  determined  based  on  the  number  and  size  relationship:  n  -  r  D 
(0<D^3),  where  n  is  the  number  of  pores,  r  is  the  size  of  the  pore,  and  D  is  the  fractal 
dimension  or  Hausdorf  dimension  which  relates  number  and  size  for  a  fractal  object.  For 
relating  the  area  ratio  of  a  species  in  a  unit  area  to  the  size  of  the  species,  r2  n  -  r2D  (2<D<3t. 
The  fractal  dimension  as  calculated  from  the  slope  in  Fig-5  is  2.44. 

(3)  Phase  Separation  and  Fibril  Formation 

The  fractal  nature  of  voids  implies  a  kinetic  process  of  fibril  formation  resulting  from  phase 
separation.  According  to  Flory's  consideration  [13],  the  phase  diagram  for  a  ternary  system 
such  as  PBO,  PPA  and  water,  a  nonsolvent,  would  consist  of  a  narrow  single  phase  region  and 
a  much  broader  two  phase  region  where  the  homogeneous  PBO/PPA  solution  is  separated  into  a 
polymer-rich  and  a  polymer-lean  phase.  It  is  therefore  expected  that  voids  will  develop  in  fibers 
spun  from  a  dry  jet-wet  spinning  process  in  which  the  PBO/PPA  dope  is  precipitated  in  water. 
Subsequent  drying  usually  causes  fiber  to  shrink.  Complete  densification,  however,  is  not 
likely  to  occur. 
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Some  mechanistic  understanding  can  be  obtained  horn  the  void  characteristics.  Since  the 
average  void  size  measurement  across  the  fiber  diameter  shows  no  signs  of  spatial  periodic 
variation,  spinodal  decomposition  is  not  likely.  Consider  a  polymer  solution  which  is  in  contact 
with  a  precipitant,  such  as  water,  where  precipitation  takes  place  by  heterogeneous  nucleation, 
as  time  goes  by  the  nuclei  grow  in  size  while  new  nuclei  are  developing.  The  process  continues 
until  the  polymer  composition  is  consumed.  At  that  stage  the  polymer  is  precipitated  in  the  form 
of  a  reticulated  network.  Examples  showing  such  a  precipitated  polymer  structure  are  those  of 
asymmetric  microporous  membranes  [14-16].  When  the  precipitation  process  occurs  in  a  dope 
that  is  uniaxiaily  oriented,  the  network  is  likely  to  develop  in  elongated  fibrillar  form.  This 
consideration  suggests  that  all  fibrils  are  interconnected  with  voids  between  the  fibrils.  It  is 
expected  that  the  void  density  is  proportional  to  fibril  density.  This  relationship  is  assumed 
unchanged  during  drying  and  shrinkage.  The  relationship  between  number  and  size  of  fibrils 
can  then  be  approximated  by  following  a  fractal  growth  model  [17]  proposed  for  rock 
formation. 


Fig-5  A  log-log  plot  of  cross-sectional  void  area  percentage  vs  void  size  for  a  PBO  fiber 


The  rate  of  nucleation  can  be  expressed  as  dN/dt  =  KjCn,  and  the  rate  of  growth  is  dR/dt  - 
K2Cri  where  N  is  the  number  of  nuclei,  R  is  the  size  of  fibril,  C  is  the  local  polymer 
concentration,  K,  and  K2  are  the  respective  rate  constants,  and  n  and  r  are  the  orders  of 
nucleation  and  growth.  For  the  coagulation  of  rigid  rod  polymers,  the  local  polymer 
concentration,  C,  is  assumed  to  be  close  to  constant  throughout  in  the  shaped  dope  during 
precipitation.  This  is  likely  to  be  true  due  to  the  low  mobility  of  rigid  and  oriented  polymer 
chains. 

Since  the  growth  process  depends  upon  local  concentration  to  form  an  extended  aggregate, 
the  rate  of  growth  can  be  reasonably  assumed  to  be  first  order.  The  final  fibril  size  should  then 
be  proportional  to  the  rate  of  growth  but  inversely  proportional  to  the  rate  of  nucleation  for  a 
given  polymer  concentration.  Namely,  the  fibril  size  and  number  can  not  be  both  maximized  at 
any  time  t:  Therefore,  R  is  proportional  to  (dR/dt)/(dN/dt),  or  R  -  C!'n  .  The  total  fibril 
number  N  with  a  size  R  is  expressed  as  N  ~  Cn.  The  relationship  between  the  fibril  number  and 
size  can  then  be  scaled  as  follows:  N(R)  -  R  -(n/n-i),  where  0<(n/n-l)<3.  By  definition  this 
relationship  shows  that  the  number  and  size  of  fibrils  are  correlated  by  a  fractal  dimension: 
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n/n- 1.  Based  on  fibril  and  void  size  proportionality,  the  fractal  dimension  gives  the  order  of 
nucleation,  n=1.69.  The  kinetic  equations  governing  the  formation  of  fibrils  may  be  expressed 
as  dN/dt  =  K,C1W,  dR/dt  =  K2  C.  These  considerations  suggest  that  the  kinetics  of  fibril 
formation  may  be  indicated  from  a  fractal  analysis  of  the  porous  structure  developed  within  the 
fibrils. 


SUMMARY  AND  CONCLUSIONS 

(1)  Electron  microscopy  showed  that  PBO  copolymer  fibers  consisted  only  of  fibrils  with 
varying  sizes  in  the  range  of  5  to  50  nm.  No  hierarchy  in  the  fibrillar  size  was  observed. 

(2)  In  an  isolated  case,  one  PBO  fiber  was  found  to  have  a  0.8  um  thick  skin  consisting  of 
closely  packed  fibrils. 

(3)  It  was  assumed,  based  on  TEM  image  contrast,  that  a  small  void  content  (0.1-1  vol%) 
existed  within  the  PBO  fiber.  The  small  (2-100  nm)  voids  were  randomly  distributed 
throughout  the  fiber. 

(4)  The  void  appeared  to  contain  fractal  properties.  The  void  density  and  size  gave  a  fractal 
dimension  of  2.44.  Based  on  these  observations,  a  nucleation  and  growth  model  is 
suggested  for  the  formation  of  fibrillar  structure  with  a  variation  in  the  order  of  nucleation. 

ACKNOWLEDGEMENTS 

Discussions  with  professor  J.C.M.  Li  of  the  University  of  Rochester  is  gratefully 

acknowledged.  We  wish  to  thank  T.  Helminiak  of  the  Air  Force  (AFWAL)  Research 

Laboratories  and  D.  McLemore  of  The  Dow  Chemical  Company  for  supporting  the  work. 


REFERENCES 

1.  W.W.  Adams  and  R.K.  Eby,  MRS  Bulletin,  Nov  16/Dec  31,  22  (1987) 

2.  L.S.  Li,  L.F.  Allard  and  W.C.  Bigelow,  I.  Macromol.  Sci.-Phys.,  B22(2),  269  (1983) 

3.  R.J.  Morgan,  C.O.  Pruneda  and  W.J.  Steele,  J.  Polym.  Sci.,  Poiym.  Phys.,  21,  1757 
(1983) 

4.  M.  Panar,  P.  Avakian,  R.C.  Blume,  K.H.  Gardner,  T.D.  Gierke  and  H.H.  Yang,  J. 
Polym.  Sci.,  Polym.  Phys.,  21,  1955  (1983) 

5  M.G.  Dobb,  D.J.  Johnson  and  B.P.  Saville,  J.  Polym.  Sci.,  Polym.  Phys.,  15,  2201 
(1977) 

6.  S.C.  Simmens  and  J.W.S.  Hearle,  J.  Polym.  Sci.,  Polym.  Phys.,  18,  871  (1980) 

7.  P.H.  Young,  Spectroscopy,  3,  9,  24  (1988) 

8.  Y.  Cohen  and  E.L.  Thomas,  Polym.  Eng.  Sci.,  25,  1093  (1985) 

9.  J.H.  Greenwood.  P.G.  Rose,  J.  Mat.  Sci.,  9,  1809  (1974) 

10.  L.C.  Sawyer  and  M.  Jaffe,  J.  Mat.  Sci.,  21,  1897  (1986) 

1 1.  S.  Kumar,  IFJ/February,  4  (1989) 

1 2.  S.H.  Liu,  "Fractal  and  Their  Applications  in  Condensed  Matter  Physics"  in  Solid  State 
Phys  (Academic  Pre.),  39, 207  (1986) 

13.  PJ.  Flory,  "Principles  of  Polymer  Chemistry",  Chap.  XIII,  Cornell  Univ.  Pre.,  1953. 

14.  J.G.  Wijmans,  J.  Kant,  M.H.V.  Mulder  and  C.A.  Smolders,  Polymer,  26,  1539 
(1985) 

15.  D.M.  Koenhen,  M.H.V.  Mulder  and  C.A.  Smolders,  J.  Appl.  Polym.  Sci.,  21,  199 
(1977) 

16.  H.  Strathmann,  K.  Kock,  P.  Amar  and  R.W.  Baker,  Desalination,  16, 179  (1975) 

17.  A.J.  Katz  and  A.H.  Thompson,  Phys.  Rev.  Lett.,  54,  1325  (1985) 


165 


IN  SITU  COMPOSITES  BASED  ON  THERMOTROPIC  AND  FLEXIBLE  POLYMERS 
GUIDO  CREVECOEUR  AND  GABRIEL  GROENINCKX 

Catholic  University  of  Leuven,  Laboratory  for  Macromolecular  Structural 
Chemistry,  Celesti jnenlaan  200  F,  B  3030  Leuven,  Belgium 


ABSTRACT 

Blends  of  a  thermotropic  liquid  crystalline  polymer  (TLCP)  and  a  thermoplas¬ 
tic  matrix  were  compounded.  Upon  subsequent  injection  moulding  and  spinning, 
the  TLCP  was  deformed  into  fine  fibrils  in  the  matrix,  giving  in-situ  rein¬ 
forcement.  Especially  after  spinning,  the  composite  fibres  contain  fibrils 
with  very  high  aspect  ratio,  and  exhibit  mechanical  properties  in  accordance 
with  simple  composite  models  for  modulus  and  strength. 


INTRODUCTION 

In-situ  composites  consisting  of  a  thermotropic  liquid  crystalline 
polymer  (TLCP)  and  a  thermoplastic  matrix  material  can  be  regarded  as  an  in¬ 
termediate  between  conventional  (short)  fibre  reinforced  composites  and 
molecular  composites.  All  three  of  these  materials  have  in  common  that  the 
aspect  ratio  of  the  reinforcing  species  is  of  great  importance  with  respect 
to  the  final  mechanical  properties  of  the  product.  In  short  fibre  composites 
the  length  of  the  fibres  is  limited  by  the  processing  method  used,  e.g.  ex¬ 
trusion  or  injection  moulding.  A  high  aspect  ratio  can  be  obtained  in  molec¬ 
ular  composites,  where  one  or  a  few  stiff  single  macromolecules  are  dis¬ 
persed  on  a  molecular  level.  Due  to  their  intrinsic  immiscibi 1 ity  with  flex¬ 
ible  polymers,  the  rigid  macromolecules,  typically  being  lyotropic  liquid 
crystalline  polymers,  have  to  be  dispersed  in  the  thermoplastic  matrix  by 
casting  from  dilute  solutions.  Indeed,  dispersion  on  a  nanometer  scale  and 
outstanding  mechanical  properties  can  be  obtained  in  such  systems  [1].  How¬ 
ever,  the  solvent  step  provides  an  extra  complication  in  industrial  process¬ 
ing.  Therefore,  a  reasonable  alternative  seems  to  be  blending  a  TLCP  with  an 
engineering  polymer  in  the  melt,  so  that  dispersion,  elongation  and  orienta¬ 
tion  of  the  TLCP  take  place  in  one  processing  step  [2-6],  An  additional  ad¬ 
vantage  is  that,  because  the  TLCP  acts  as  a  lubricant,  the  melt  viscosity  of 
the  blend,  contrary  to  those  of  short  fibre  reinforced  composites,  can  be 
lowered  as  much  as  one  or  two  orders  of  magnitude  [7-10]. 

The  present  paper  is  concerned  with  blends  of  a  commercial  ther¬ 
motropic  polyester-amide,  Vectra  B  950,  in  a  matrix  consisting  of  a 
(miscible)  mixture  of  polystyrene  (PS)  and  poly-2, 6-d imethyl -1 ,4-phenylene 
ether  (PP E). 


EXPERIMENTAL 

Vectra  B  950,  which  is  believed  to  consist  of  58  mole-%  hydroxy  naph¬ 
thoic  acid,  21  mole-%  terephthalic  acid  and  21  mole-%  4  aminophenol,  was 
purchased  from  Hoechst  Celanese.  Blends  containing  70  weight-%  PPE  and 
30  weight-%  PS  were  kindly  supplied  by  General  Electric  Plastics  Europe. 
Vectra  B  950  melts  at  280°C,  where  it  shows  liquid  crystalline  behaviour. 
PPE  and  PS  are  known  to  be  miscible  over  the  entire  composition  range;  the 
as  received  PPE/PS  blend  exhibits  a  single  T„  at  1 77°C . 

Blending  was  performed  on  a  Berstorfr  corotating  twin  screw  extruder 
at  320°C.  Strands  with  a  draw  ratio  (DR)  of  approximately  2.5  were  taken  di¬ 
rectly  from  the  extruder,  and  their  morphology  was  examined.  From  the  granu¬ 
lated  strands,  ASTM  tensile  bars  were  injection  moulded  at  320°C,  and  fibres 
were  spun  at  approximately  310°C;  the  draw  ratio  was  determined  from  the 
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haul-off  speed  and  the  throughput.  Although  fibres  with  different  draw  ra¬ 
tios  were  prepared,  the  discussion  in  the  present  paper  will  be  confined  to 
those  having  a  draw  ratio  of  approximately  30.  The  influence  of  draw  ratio 
on  the  morphology  and  properties  of  the  blends  is  described  elsewhere  [11]. 

Complex  viscosity  of  the  blends  was  examined  on  a  Rheometrics  RMS  500 
mechanical  spectrometer  at  300°C,  in  plate-plate  geometry,  at  a  strain  of 
1  %,  which  is  well  in  the  linear  region  of  Vectra.  Dynamic  modulus  and  loss 
angle  in  the  solid  state  as  functions  of  temperature,  were  measured  on  a 
Polymer  Labs  dynamic  mechanical  thermal  analyser  (DMTA)  in  bending  mode. 
Cryogenic  fracture  surfaces  were  investigated  using  scanning  electron  mi¬ 
croscopy  (SEM).  Furthermore,  the  PPE/PS  matrix  from  the  strands  and  com¬ 
posite  fibres  was  dissolved  in  toluene,  to  yield  the  insoluble  TLCP  parti¬ 
cles  or  fibrils  which  were  examined  under  an  optical  microscope.  The  mechan¬ 
ical  properties  of  the  blends  were  determined  on  an  Instron  tensile  tester, 
applying  a  strain  rate  of  1  mm. min'1  for  the  injection  moulded  parts  and 
50  %-min'1  for  the  fibres.  The  fibres  with  low  TLCP  content  have  a  high 
strain  to  break,  necking  occurring  over  the  entire  sample;  therefore  the  ul¬ 
timate  strength  of  these  samples  is  corrected  for  the  decrease  in  cross-sec¬ 
tional  area,  assuming  incompressibility  during  necking.  Molecular  orienta¬ 
tion  of  the  TLCP  in  the  fibres  was  measured  using  wide  angle  X-ray  scatter¬ 
ing  (WAXS) .  Single  fibres  were  placed  in  a  Kies ig  camera,  and  the  orienta¬ 
tion  was  characterized  either  by  the  peak  width  at  half  height  (w%)  or  the 
Hermans  orientation  parameter  Pg .  8oth  parameters  were  obtained  from  an 
azimuthal  scan  over  the  strong  equatorial  110  reflection  of  the  TLCP.  Back¬ 
ground  scattering  resulting  from  the  amorphous  matrix  was  subtracted  from 
the  intensity  profile  prior  to  these  calculations. 


RESULTS  AND  DISCUSSION 

The  complex  viscosity  of  the  blends  versus  the  TLCP  content,  for  three 
different  angular  frequencies,  is  presented  in  fig.  1.  A  substantial  de¬ 
crease  in  viscosity  is  observed  for  the  higher  TLCP  contents.  The  fact  that 
the  viscosity  remains  constant  or  even  increases  for  the  low  contents,  could 
indicate  the  presence  of  a  yield  stress  in  the  TLCP.  Due  to  this  yield 
stress,  the  TLCP  particles  would  act  as  rigid  fillers  at  the  low  strain  that 
was  applied  during  the  measurements.  Complex  viscosity  behaviour  with  inter¬ 
mediate  extremes  has  also  been  reported  for  blends  of  flexible  polymers 
[121- 

Storage  modulus  and  loss  tangent  for  a  50  A  Vectra-50  *  PPE/PS  blend 
(compression  moulded  sample)  versus  temperature  are  shown  in  fig.  2.  Three 
successive  thermal  transitions  are  observed:  the  Vectra  p-transition  at  70°C 
[13],  the  Vectra  glass-transition  at  140°C,  and  the  PPE/PS  Tq  at  180°C. 
Fig.  2  clearly  demonstrates  the  single  T_  of  the  miscible  PPE/PS  matrix. 

Fig.  3  contains  scanning  electron  Hnicrographs  of  an  injection  moulded 
tensile  bar,  an  extruded  strand  and  a  fibre.  It  is  readily  seen  that  fibril 
formation  is  much  more  developed  in  the  strand  and  the  fibre  than  in  the  in¬ 
jection  moulded  part.  Spinning  and  strand-extrusion  involve  extensional 
flows,  whereas  during  injection  moulding  merely  shear  flow  (a  weaker  flow 
due  to  its  non-zero  rotational  component)  takes  place.  When  the  PPE/PS  ma¬ 
trix  was  dissolved  in  toluene,  it  appeared  that  the  as  spun  fibres  contained 
microfibrils  with  nearly  infinite  aspect  ratio,  in  contrast  with  the  only 
moderate  aspect  ratio  of  the  fibrils  in  the  injection  moulded  samples. 
Because  of  these  high  fibril  aspo'-t  ratios,  the  best  mechanical  properties 
can  be  expected  from  the  composite  fibres.  There  is  a  tendency  for  the 
fibril  diameter  to  increase  with  TLCP  content  from  0.2-0. 6  pm  for  the 
5  weight-’.  Vectra  blend,  to  0.4-2  ^  for  25  \  TLCP.  The  fibril  thickness  is 
determined  by  the  particle  size  prior  to  elongation,  which  is  the  result  of 
a  dynamic  equilibrium  between  dispersive  mixing  and  coagulation  in  the  twin 
screw  extruder. 


The  tensile  modulus  of  the  injection  moulded  bars  and  the  fibres,  as  a 
function  of  TLCP  content  is  plotted  in  fig.  4a.  The  only  moderate  aspect  ra¬ 
tio  of  the  TLCP  fibrils  in  the  injection  moulded  samples  gives  rise  to  a 
modulus  below  the  rule  of  mixtures  [14].  Indeed,  a  curved  plot  is  observed 
in  fig.  4a.  The  tensile  modulus  of  the  fibres  is  seen  to  increase  linearly 
with  volume  fraction  TLCP.  This  is  in  full  agreement  with  the  morphological 
observation  of  microfibrils  of  nearly  infinite  aspect  ratio  that,  according 
to  composite  theory  [15],  requires  rule  of  mixtures  for  modulus: 

Ec=VfEf+(l-Vf)Em  (1) 

where  Ec,  Ef  and  E_  are  the  modulus  of  the  composite  fibre,  TLCP  and  matrix 
respectively,  and  V *  represents  the  volume  fraction  of  TLCP.  Moreover,  the 
modulus  of  74  GPa  for  the  pure  Vectra,  suggests  a  satisfactory  molecular 
orientation  [16]  for  both  the  pure  TLCP,  and  the  TLCP  dispersed  in  the  com¬ 
posite  fibres.  Elongation  to  break  for  the  fibres  (plotted  on  a  logarithmic 
scale  in  fig.  4b)  falls  from  approximately  100  %  for  the  pure  PPE/PS  to  1  V 
for  the  pure  Vectra.  Of  course,  this  transition  has  great  influence  on  the 
ultimate  strength  (fig.  4c).  A  minimum  occurs  at  20  volume-%  TLCP,  which  can 
be  understood  qualitatively  by  indicating  two  limiting  cases: 

i)  For  high  volume  fractions  of  TLCP,  the  fracture  behaviour  will  be  domi¬ 
nated  by  the  TLCP,  i.e.  the  composite  will  break  when  the  maximum  strain  of 
the  TLCP  is  reached,  and  the  strength  can  be  described  by  the  following 
equation  [13]: 

oc=Vfof*(l-Vf)ofEf/Em  (2) 

where  oc  and  Of  are  strength  at  break  of  the  composite  and  TLCP,  respec¬ 
tively. 

ii)  For  low  TLCP  contents,  the  TLCP  cannot  follow  the  plastic  deformation  of 
the  matrix  (possessing  very  high  strain  to  break),  and  may  therefore  be  re¬ 
garded  as  voids.  In  this  case  the  composite  strength  is  given  by: 

oc=(l-Vf)<7ro  (3) 

with  o_  the  strength  of  the  pure  matrix  material.  Equations  2  and  3  are 
plotted  in  fig.  4c.  The  minimum  in  the  experimental  data  is  seen  to  coincide 
with  the  volume  fraction  at  which  equations  2  and  3  cross,  but  all  experi¬ 
mental  points  are  below  the  theoretical  lines.  However,  during  the  deriva¬ 
tion  some  assumptions  are  made  that  are  only  partially  fulfilled.  One  of 
these  is  that  for  the  higher  volume  fractions,  the  TLCP  is  assumed  to  ex¬ 
hibit  linear  deformation  behaviour  up  to  break,  which  it  does  not.  Further¬ 
more,  for  the  lower  LCP  contents,  the  strength  according  to  equation  3  is 
based  on  the  strain  to  break  for  the  pure  matrix  material,  fig.  4b  however, 
clearly  demonstrates  that  the  presence  of  the  TLCP  actually  constrains  the 
plastic  deformation,  thus  also  limiting  the  ultimate  strength. 

The  Hermans  orientation  factor  and  peak  width  at  half  height  versus 
volume  fraction  TLCP  are  shown  in  fig.  5.  Molecular  orientation  of  the  TLCP 
as  dispersed  in  the  composite  fibres  is  seen  to  improve  with  increasing  TLCP 
content.  Similar  results  have  been  observed  for  blends  of  polycarbonate  and 
a  thermotropic  copolyester  of  poly(ethylene-terephthalate)  and  p- hydroxyben- 
zoate  [17].  A  tentative  explanation  for  this  feature  lies  in  the  size  of  the 
TLCP  droplets  in  the  melt,  just  before  entering  the  spinneret.  Since  the 
lower  TLCP  content  blends  contain  smaller  TLCP  particles,  these  will  have  a 
higher  resistance  against  deformation,  due  to  interfacial  tension  [18,19]. 
Thus,  a  smaller  deformation  is  imposed  by  the  macroscopic  flow,  leading  to  a 
lower  molecular  orientation. 
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CONCLUDING  REMARKS 

Blends  of  a  thermotropic  liquid  crystalline  polymer  and  a  matrix  consisting 
of  flexible  polymers  were  injection  moulded  and  spun  into  fibres.  In  both 
cases  the  formation  of  thin  TLCP  fibrils,  oriented  in  the  processing  direc¬ 
tion  was  observed.  However,  the  average  aspect  ratio  of  these  fibrils  was 
found  to  be  moderate  in  the  injection  moulded  samples,  but  nearly  infinite 
in  the  composite  fibres.  These  observations  clearly  point  out  how  much  more 
effective  elongational  flow  (spinning)  is  than  shear  flow  (injection  mould¬ 
ing)  in  inducing  elongated  structures.  The  mechanical  properties  of  the  com¬ 
posite  fibres  could  be  described  by  composite  models  for  transversely 
isotropic  geometry,  i.e.  rule  of  mixtures  for  modulus  and  an  initial  de¬ 
crease,  followed  by  an  increase  for  strength  versus  TLCP  content.  Satisfac¬ 
tory  molecular  orientation  of  the  dispersed  TLCP  fibrils  in  the  composite 
fibres  was  achieved. 
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ABSTRACT 

Mixtures  of  a  rodlike  and  a  flexible  polyimide  were  prepared 
by  solution-blending  of  the  respective  poly(amic  alkyl  ester)  and 
poly(amic  acid),  followed  by  solvent  evaporation  and  thermal 
imidization.  The  size  scale  of  the  phase  separation,  as  measured 
by  light  scattering,  is  primarily  set  during  the  demixing  of  the 
precursor  polymers,  with  no  significant  coarsening  observed  due 
to  the  imidization  performed  at  400“C.  The  observed  variation  of 
the  domain  size  with  parameters  such  as  composition,  molecular 
weight  and  film  thickness  is  discussed  in  terms  of  the  miscibility 
of  the  precursor  polymers  as  well  as  the  thermal  history  to  which 
these  were  exposed. 


INTRODUCTION 

Mixtures  of  rodlike  and  flexible  polyimides  have  the  poten¬ 
tial  to  achieve  the  desired  properties  for  applications  in  micro¬ 
electronic  packaging  by  combining  the  required  thermal  and 
mechanical  properties  characteristic  to  the  rodlike  component 
along  with  enhanced  adhesion  strength  provided  by  the  flexible 
polyimide.  The  use  of  such  mixtures  as  thin  film  coatings,  how¬ 
ever,  requires  that  any  heterogeneity  on  composition  has  to  be 
kept  on  a  scale  well  below  the  micron  level,  raising  the  question 
of  the  feasibility  of  polyimide  based  molecular  composites.  Of 
particular  interest  in  such  systems  is  the  effect  of  the 
imidization  carried  out  at  high  temperatures  on  the  morphology  of 
the  precursor  blends. 

Yokota  et  al .  [1]  studied  mixtures  of  polyimides  prepared  by 
imidization  of  mixtures  of  different  poly(amic  acid)  (PAA)  pre¬ 
cursors.  Feger  [2]  and  Ree  et  al.  [3]  showed,  however,  that  mix¬ 
tures  of  poly(amic  acid)s  can  lead  to  the  formation  of  copolymers 
rather  than  physical  blends  of  homopolymers.  The  exchange  re¬ 
action  leading  to  the  copolymer  formation  occurs  due  to  the  fact 
that  the  poly(amic  acid)  coexists  with  a  small  amount  of  anhydride 
and  amine  form  through  chain  scission  and  recombination.  The  ex¬ 
change  reaction  takes  place  either  slowly  at  room  temperature  or 
during  a  slow  curing  procedure. 

Recently,  Ree  et  al .  [4}  showed  that  polyimide/polyimide 
blends  can  be  formed  from  stable  precursors  mixtures  if  at  least 
one  of  the  poly(amic  acid)s  is  replaced  by  its  alkyl  ester  deriv¬ 
ative.  The  poly(amic  alkyl  ester)  (PAE)  form  provides  a  more 
stable  polyimide  precursor  syBtem  than  its  PAA  counterpart  by 
eliminating  the  possibility  for  reequilibration  reactions. 

In  the  present  paper,  the  polyimide  blend  system  introduced 
by  Ree  et  al.  [4]  is  used  to  study  the  relationship  between  the 
miscibility  of  the  precursor  mixtures,  the  drying  and  curing  con¬ 
ditions  and  the  final  morphology  of  the  imidized  mixtures. 
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EXPERIMENTAL 

Fig.l  shows  the  chemical  structure  of  6F-BDAF  and  PMDA-PDA 
polymers  synthesized  for  the  present  study.  6F-BDAF  polyamic  ac¬ 
ids  were  prepared  via  classical  solution  polycondensation  of  sub¬ 
limed  hexafluoro isopropyl idene  diphthalic  anhydride  (6F)  with 
distilled  2 , 2-bis{ 4-aminophenoxy-p-phenylene )hexaf luoropropane 
( BDAF )  in  N-methylpyrrolidone  (NMP).  The  degree  of  polymerization 
(DP)  was  controlled  by  the  monomer  stoichiometric  imbalance  using 
the  diamine  in  excess.  In  this  way,  samples  with  estimated  weight 
average  molecular  weight  of  10,000  and  48,000  were  obtained  (DP=10 
and  DP=50,  respectively).  Meta-PMDA/PDA  polyfamic  alkyl  ester) 
was  prepared  via  low  temperature  solution  polycondensation  in  NMP 
of  the  diacyl  chloride  with  freshly  sublimed  p-phenylene  diamine 
(PDA)  [6].  Meta-diethyl  dihydrogen  pyromellitate  was  prepared 
similar  to  the  procedure  of  Bell  and  Jewell  [7]  except  that  after 
most  of  the  para-isomer  had  been  selectively  removed  by  slow  con¬ 
centration  of  the  excess  ethanol,  the  remaining  ethanol  was 
stripped  and  the  residue  twice  crystallized  from  n-butyl  acetate. 
This  rendered  the  meta-isomer  in  greater  than  90  %  isomeric  pu¬ 
rity.  The  corresponding  diacyl  chloride  was  prepared  by  reaction 
of  the  diacid  with  an  excess  of  oxalyl  chloride  in  ethyl  acetate 
at  60°C.  The  ethyl  acetate  was  then  stripped  and  the  crystalline 
residue  twice  crystallized  from  hexane.  The  molecular  weight  of 
PMDA-PDA  precursor  measured  by  light  scattering  is  200,000. 

Transparent  common  solutions  of  various  PMDA-PDA/6F-BDAF  ra¬ 
tios  and  a  total  polymer  concentrations  in  the  range  15-20%  were 
prepared  by  mixing  of  the  homopolymer  solutions. 


o  o 


PMDA-PDA  Polyamic  Alkyl  Ester 
|  -2  ElOH 

r  o  o  i 


PMDA-PDA  Polyimide 


6F-BDAF  Polyamic  Acid 

I  -2H?0 


6F-BDAF  Polyimide 


Fig.l.  Chemical  structure  of  PMDA-PDA  and  6F-BDAF. 
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The  ternary  phase  diagrams  were  determined  by  cloud  point 
measurements  performed  during  isothermal  solvent  evaporation  at 
75*C  using  a  2  mw  red  He-Ne  laser  and  a  photodiode  detector  posi¬ 
tioned  at  90"  from  the  incident  beam.  The  compositions  corre¬ 
sponding  to  the  binodal  curve  were  calculated  based  on  the  weight 
loss  of  NMP  at  the  cloud  point. 

Films  of  PMDA-PDA/6F-BDAF  precursors  were  prepared  either  by 
doctorblading  or  by  spinning,  followed  by  a  drying  step  performed 
either  at  75”C  for  90  min.  or  at  150"  C  for  IS  min.  The  respective 
polyimide  films  were  obtained  by  curing  the  dried  precursor  films 
at  400°C  for  one  hour,  using  a  heating  rate  of  5“C  /min.  Film 
thickness  were  measured  by  an  Alpha-Step  200  (Tencor  Instruments). 
The  morphological  observations  were  made  on  a  Amplival  Jena  op¬ 
tical  microscope  operated  in  the  phase  contrast  mode.  The  scat¬ 
tered  light  intensity  from  flat  films  was  measured  as  a  function 
of  angle  at  a  wavelength  of  632.8  run.  The  source  was  a  polarized 
He-Ne  laser  with  output  power  1.8  mW,  beam  diameter  0.75  mm 
(l/ez),  and  beam  divergence  1.1  milliradian.  The  light  electric 
field  was  perpendicular  to  the  plane  of  incidence  and  a  film 
polarizer  oriented  parallel  to  the  incident  polarization  was  used 
in  front  of  the  PIN  photodiode  detector,  to  record  the  Py  inten¬ 
sity.  The  measured  intensity  was  corrected  for  variation  in 
scattering  volume  and  reflectance  at  the  sample  surfaces  to 
produce  normalized  scattering  intensity  values. 


RESULTS  AND  DISCUSSION 

Fig. 2  shows  the  ternary  phase  diagram  of  the  PMDA-PDA  PAE  / 
6F-BDAF  PAA  /  NMP  system  measured  at  75'C,  for  two  different  mo¬ 
lecular  weights  of  6F-BDAF.  The  compositions  are  in  units  of 
weight  fraction,  and  the  numbers  on  the  right  side  of  the  ternary 
diagram  are  the  overall  polymer  concentration  corresponding  to  the 
compositions  lying  along  the  horizontal  lines.  Mixtures  contain¬ 
ing  the  low  molecular  weight  6F-BDAF  in  up  to  15%  of  the  solid 
contents  did  not  show  a  detectable  cloud  point.  Drying  of  these 
cosolutions  for  up  to  40  min.  yielded  a  transparent  solid  film. 


NMP 


Fig. 2.  Ternary  phase  diagrams  measured  at  75’C  (see  text). 
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When  dried  at  low  temperatures,  polyamic  acids  are  known  to 
be  able  to  solidify  while  retaining  a  considerable  amount  of  sol¬ 
vent.  This  gelation  process  is  characterized  by  a  large  increase 
in  the  viscosity  of  the  system  and  it  affects  some  important 
properties  such  as  planarization  [6],  The  gelation  of  polyamic 
acids  in  NMP  has  been  attributed  to  the  formation  of  PAA/NMP  com¬ 
plexes  stabilized  by  hydrogen  bonding  [7-9],  In  order  to  inves¬ 
tigate  the  possible  effect  of  the  gelation  on  the  phase  separation 
of  the  ternary  mixtures,  the  drying  of  the  homopolymer  solutions 
was  studied  by  isothermal  thermogravimetric  analysis.  Fig. 3  shows 
a  plot  of  the  polymer  concentration  as  a  function  of  annealing 
time  at  75°C.  The  gelation  is  characterized  by  a  substantial  de¬ 
crease  in  the  rate  of  solvent  evaporation.  For  the  three  sol¬ 
utions  studied,  the  gelation  takes  place  at  polymer  concentrations 
in  the  range  of  62-65%. 


Fig. 3.  Polymer  concentration  during  drying  at  75'C. 

The  concentrations  corresponding  to  the  gelation  point  are 
represented  by  a  dotted  line  in  Fig. 2.  If  the  binodal  curve  of 
the  low  molecular  weight  6F-BDAF  mixtures  is  extrapolated  to 
PMDA-PDA  concentrations  in  excess  of  85%  of  the  solid  contents, 
such  a  line  would  fall  below  the  gelation  line.  Thus,  the  trans¬ 
parency  of  the  mixtures  in  this  composition  range  is  believed  to 
be  a  consequence  of  the  large  viscosity  increase  occurring  at  the 
gelation,  which  prevents  phase  separation,  at  least  at  long 
scales. 

Fig. 4a  shows  the  optical  micrograph  recorded  from  a  50/50 
PMDA-PDA/6F-BDAF  (48K)  blend  dried  at  75'C.  The  phase  separated 
structure  is  characterized  by  spherical  domains  of  diameter  in  the 
range  of  1-3  jj/b.  The  light  scattering  curve  measured  from  the  same 
film  is  shown  in  Fig. 4b.  The  scattering  is  represented  as  rela¬ 
tive  intensity  versus  the  amplitude  of  the  scattering  vector  g, 

4_  a 

defined  as  g  =  -— -  sin The  peak  in  the  scattering  intensity 

indicates  that  the  spatial  concentration  fluctuations  have  a 
characteristic  wavelength.  The  domain  size  of  the  phase  separated 
structures  can  be  defined  as  d=2*/gm»x>  ?max  being  the  scattering 
vector  corresponding  to  the  maximum  Intensity.  Fig. 4b  also  shows 
that  upon  imidization,  the  scattering  intensity  increases  by  an 
order  of  magnitude  while  g^ax  remains  unchanged  (cf  =  1 . 0|im) .  In 
other  words,  the  imidization  appears  to  cause  an  increase  in 
scattering  contrast  only,  without  significantly  affecting  the 
phase  separated  morphology.  This  behavior  was  observed  in  all  the 
mixtures  studied. 


Intensity 
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20pm 

Fig. 4.  Phase-contrast  micrograph  from  a  50/50  (48K)  film  dried 
at  75  °C  (a),  arid  its  light  scattering  curves  (b). 

Apart  from  a  slight  composition  dependence,  the  domain  size 
measured  from  the  mixtures  containing  the  higher  molecular  weight 
6F-BDAF  was  found  to  be  insensitive  to  other  parameters  such  as 
drying  conditions.  This  is  in  contrast  to  the  behavior  exhibited 
by  the  blends  containing  the  low  molecular  weight  f luoro-polymer , 
which  showed  that  their  phase  separated  morphology  can  be  affected 
by  the  rate  of  solvent  evaporation.  This  is  exemplified  for  the 
most  sensitive  mixture,  i.e.,  the  75/25  PMDA-PDA/6F-BDAF  (10K)  in 
Fig. 5,  which  shows  the  effect  of  film  thickness  and  drying  tem¬ 
perature  on  the  shape  of  the  scattering  curves.  By  changing  the 
thickness  of  the  dried  films  from  70  to  15/im,  the  domain  size  drop3 
from  about  1.0  to  0.6 «m,  while  in  the  8/im  thick  film,  the  disap¬ 
pearance  of  the  scattering  peak  accompanied  by  the  decrease  in  the 
scattering  intensity  indicates  that  if  any  phase  separation  oc¬ 
curs,  it  is  limited  to  scales  below  the  wavelength  of  light.  The 
effect  of  thickness  is  believed  to  be  related  to  the  mass  transfer 


Fig. 5.  Scattering  curves  from  75/25  PMDA-PDA/6F-BDAF  (10K)  filme: 
(a)  dried  at  75  C;  (b)  a  25/im  film  dried  at  150'C. 
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Transparent,  homogeneous  films  were  also  obtained  by  drying 
the  75/25  PMDA-PDA/6F-BDAF  (10K)  mixtures  at  150"C  into  films  of 
thickness  of  up  to  25// m,  which  is  the  limiting  thickness  for  ob¬ 
taining  f' ’.ms  at  150’C  without  the  formation  of  voids.  It  should 
be  pointed  out,  however,  that  the  phase  diagram  as  well  as  the 
gelation  are  expected  to  be  a  function  of  temperature,  and  the 
effect  of  drying  temperature  can  not  be  interpreted  in  terms  of 
an  increased  solvent  evaporation  rate  only. 

The  effect  of  molecular  weight,  film  thickness,  and  composi¬ 
tion  on  the  domain  size  can  be  rationalized  as  a  kinetic  effect 
having  to  do  with  the  difference  in  the  polymer  concentrations 
corresponding  to  the  onset  of  phase  separation  and  gelation.  The 
fact  that  the  morphology  of  the  low  molecular  weight  blends  was 
found  to  be  sensitive  to  the  film  thickness  indicates  that  the 
time  interval  between  the  onset  of  the  phase  separation  and  the 
gelation  is  comparable  to  the  time  scale  of  the  structure 
coarsening.  This  is  in  agreement  with  the  observed  trend  that  the 
sensitivity  to  such  parameters  was  more  pronounced  in  mixtures  for 
which  the  binodal  concentration  is  closer  to  the  gelation  point. 


CONCLUSIONS 

The  morphology  of  the  polyimide/polyimide  mixtures  studied 
was  found  to  be  set  at  the  gelation  point  of  the  precursor 
cosolutions.  The  domain  size  of  the  phase  separated  morphology 
is  affected  by  parameters  such  as  film  thickness  and  drying  tem¬ 
perature,  in  particular  in  the  more  miscible  mixtures.  Transpar¬ 
ent,  fully  imidized  films  of  a  rodlike  polyimide  containing  up  to 
25%  of  a  flexible  component  were  obtained. 
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ABSTRACT 

This  work  represents  a  continuation  of  earlier  studies  of  blends  of  po¬ 
lymer  liquid  crystals  (PLC)  with  ordinary  engineering  polymers  (EP).  We 
now  focus  on  connections  between  mechanical  and  other  properties  and  phase 
structures  and  phase  diagrams.  Pure  PLC  are  already  two-phase  systems;  in 
each  case  addition  of  an  EP  complicates  the  situation  further.  In  particular, 
we  are  concerned  with  phases  whtch  we  call  quasi-liquids,  at  temperatures 
between  the  glass  transition  and  the  melting  point.  Quasi-liquids  do  not 
have  the  mobility  usually  associated  with  liquids  -  because  of  the  presence 
of  other  constituents  and  also  because  of  orientational  effects  produced  by 
the  mesogenlc  groups.  In  phase  diagrams  of  PLC-contalnlng  systems  one 
should  also  take  into  account  non-equllbrlum  phases.  We  are  trying  to  show 
how  such  diagrams  make  possible  intelligent  processing  and  a  better  control 
of  properties  of  the  PLC  ♦  EP  materials. 


INTRODUCTION 

This  paper  represents  a  continuation  of  earlier  work  1 1-4)  aimed  at  mi¬ 
xing  polymer  liquid  crystals  (PLC)  with  ordinary  engineering  polymers  (EP)  in 
such  a  way  that  the  valuable  properties  of  PLC  (reinforcement  by  mesogenlc 
groups,  stability  at  high  temperatures,  low  Isobartc  expansivity,  etc.)  are 
preserved  while  costs  are  lower  than  that  of  pure  PLC.  However,  in  the  pre¬ 
sent  study  we  deal  with  variation  of  LC  content  in  a  series  of  PLC  copoly¬ 
mers,  while  blends  of  one  of  these  PLCs  with  an  EP  are  dealt  with  In  a  com¬ 
panion  paper  [5]. 

While  In  earlier  papers  we  used  a  variety  of  techniques  and  covered  a 
wide  range  of  properties,  the  present  work  Is  focused  on  phase  structures 
and  phase  diagrams  Reasons  for  this  are  stated  In  the  following  Section. 
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PHASE  STRUCTURES,  PHASE  DIAGRAMS  AND  INTELLIGENT  PROCESSING 

Properties  of  materials,  polymeric  or  otherwise,  are  of  course  deter¬ 
mined  by  chemical  composition  as  well  as  by  structures  produced  during  pro¬ 
cessing.  For  PLCs  the  situation  Is  more  difficult  than  for  EPs;  we  know  al¬ 
ready  from  the  first  paper  by  Jackson  and  Kuhfuss  [6]  how  easily  acquire 
PLCs  orientation  during  processing;  high  anisotropy  of  properties  ensues. 
While  in  some  cases  the  anisotropy  is  desirable  ,  control  of  the  resulting 
properties  Is  possible  only  If  we  have  sufficient  knowledge  of  morphologies 
and  phase  structures,  and  also  If  we  can  locate  each  structure  In  the  cor¬ 
responding  region  in  the  phase  diagram.  While  much  Interesting  and  useful 
work  on  processing  of  PLCs  and  their  blends  has  already  been  done,  our  par¬ 
ticular  approach  consists  in  the  determination  of  the  appropriate  phase 
diagram  first,  and  defining  processing  conditions  only  afterwards,  we  call 
this  approach  intelligent  processing.  In  the  present  paper  we  define  some 
peculiarities  of  phase  diagrams  of  PLC-contalnlng  systems,  and  also  we 
present  one  phase  diagram.  A  striking  example  of  how  knowleoge  of  the 
phase  diagram  makes  intelligent  processing  possible  is  provided  in  the 
companion  paper  [5], 

It  is  customary  to  show  in  phase  diagrams  equilibrium  phases  only. 
However,  PLC-contalnlng  systems,  apparently  because  of  the  presence  of 
rigid  constituents,  seem  to  show  non-equlltbrlum  phases  with  high  longe¬ 
vity.  Hence,  Just  as  for  inorganic  glasses,  we  have  to  take  these  phases 
seriously  into  account,  sluggishness  combined  wtth  easy  orientation  of 
mesogens  In  PLCs  affects  processing  and  resulting  properties  to  a  high  deg¬ 
ree.  Consequently,  we  postulate  that  non-equilibrtum  phases  should  be 
Included  in  phase  diagrams  of  PLCs  and  PLC-contalnlng  systems. 

in  the  course  of  our  work  we  have  dealt  often  with  a  phase  which  we 
believe  deserves  a  name,  ouasiltould.  This  Is  a  the  non-crystalline  part  of 
a  semicrystalline  polymer  between  Its  glass  transition  temperature  and  the 
melting  temperature.  Except  for  elastomers  when  one  then  talks  about  the 
leathery  state  (see  for  Instance  17]),  one  calls  such  materials  simply  liquids. 
However,  In  the  case  of  PLCs  in  particular,  that  name  is  not  appropriate, 
not  only  the  material  does  not  exhibit  the  ordinary  liquid  mobility,  but  we 
are  more  than  one  phase  transition  away  from  the  isotropic  liquid  arising 
from  the  same  component.  Further,  the  material  is  sluggish  because  of 
the  simultaneous  presence  of  the  crystalline  component,  while  this  is  also 
true  for  polymer  "liquids”  In  ordinary  semi-crystalline  polymers,  In  PLCs 
there  Is  an  additional  contributions  to  sluggishness  or  to  maintaining  low 
mobility  because  of  rigidity  of  the  mesogens.  Finally,  It  is  in  the  quasi  - 
liquid  phase  that  the  process  of  cold  crystallization  can  occur 
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CHOICE  OF  THE  SYSTEM 

A  variety  of  structures  of  PLCs  Is  possible,  as  classified  by  one  of  us 
(8,9).  The  reason  for  the  development  of  this  classification  is  the  fact  that 
properties  of  a  given  PLC  are  defined  first  of  all  by  the  class  to  which  it 
belongs,  For  this  reason,  In  a  number  of  cases  It  Is  not  enough  to  talk  about 
main-chain  PLCs,  since  these  can  be  longftudlnal,  orthogonal,  stars,  soft 
discs  or  rigid  discs  [8,9],  In  the  present  work  we  have  chosen  a  longitudinal 
PLC  since  at  the  present  time  these  seem  to  be  best  known  and  understood. 

In  particular,  we  have  chosen  the  copolymers  of  polyethylene  terephthalate) 
(PET)  with  p-hydroxybenzolc  acid  (PHB)  studied  already  earlier  by  us  [  1  -4] 
as  well  as  by  a  number  of  other  authors  from  different  points  of  view  [6,  1 0- 
18]. 


THE  PHASE  DIAGRAM 

We  have  studied  the  phase  diagram  of  PET/xPHB  copolymers  in  function 
of  the  mole  fraction  x  of  the  liquid  crystalline  (that  Is  PHB)  component  in 
the  determination  we  have  used  a  variety  of  techniques,  including  differen¬ 
tial  scanning  calorimetry  (DSC),  wide-angle  X-ray  scattering  (WAXS), 
thermomechanical  analysts  (TMA),  as  well  as  dynamic  mechnlcal  testing 
with  a  torslonai  pendulum.  Some  measurements  on  samples  of  the  same 
composition  were  performed  at  several  locations;  hence  this  International 
collaboration.  Because  of  the  limited  space,  we  do  not  provide  here  expe¬ 
rimental  details. 

The  resulting  diagram  is  shown  in  Fig.  1.  Non-equi librium  transition 
lines  are  Included.  We  believe  that  In  general  they  have  to  be  included,  since 
some  non-equi ibrl urn  phases  have  fairly  long  lives,  inorganic  glasses  come 
to  mind  in  this  context. 

The  regions  In  the  diagram  marked  with  Roman  numbers  contain  the 
following  phases. 

I  *  PET  crystals 

isotropic  glass 

II  *  PET  crystals,  PHB  crystals 

isotropic  glass,  nematic  glass 

III  *  PET  crystals,  PHB  crystals 

nematic  glass 

quasi-Ilquld 

IV  -  PET  crystals 

quasl-ilquld 


.0 
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V  -  PET  crystals,  PHB  crystals 

quasi-liquid 

VI  -  nematic 

VII  »  nematic,  liquid 

VIII  -  liquid 

The  symbols  In  the  diagram  correspond  to  the  following  sources: 

o  -  This  work,  Independently  of  the  technique  used  and  also  Inde¬ 
pendently  of  the  location  where  the  experiments  were  performed.  Hence 
some  points  come  from  more  than  one  technique  and/or  more  than  one  labo¬ 
ratory 

□  -  Meeslrl  et  al.  (12] 

■  -  Jezlorny  [18] 

o  -  Chou  et  al.  [17] 

♦  -  Vlney  et  al.  [1 1] 
a  -  Benson  et  al.  [t 5] 
v  -  Geddeet  al.  [14] 

V  -  Hedmark  [16] 

*  -  Jackson  et  al.  [6] 

□  -  Krlcheldorf  et  a:  [13] 

An  analysis  of  connections  between  the  phases  present  and  their  posi¬ 
tion  In  the  diagram  and  properties  will  be  presented  in  subsequent  papers,  in 
part  already  In  the  companion  paper  [5], 
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ABSTRACT 

The  Investigation  of  the  thermal  behavior  of  polymer  blenos  leads  to 
phase  diagrams  which  involve  important  Information  ->bout  the  system 
From  these  diagrams,  equilibrium  as  well  as  non-equlllbrlum  phases  can 
be  deduced  and  ranges  of  miscibility  or  partial  miscibility  of  the  polymers 
become  obvious.  Hence  the  diagrams  are  of  a  great  value  for  processing  of 
advanced  polymer  blends,  especially  if  a  polyphaslc  polymers  such  as 
a  polymer  liquid  crystal  Is  one  of  the  constituents  of  the  system 


INTRODUCTION 

Polymer  blending  has  become  a  promising  method  in  the  search 
for  polymeric  materials  with  enhanced  thermal  and  mechanical  properties 
(and  sometimes  also  with  lower  prices).  To  achieve  this,  studies  were 
made  on  blends  of  ordinary  engineering  plastics  (EP)  with  polymer  liquid 
crystals  (PLC)  in  order  to  preserve  high-temperature  stability,  reinforce¬ 
ment  by  mesogenic  groups  ,  low  thermal  expansivities  ,  etc  The  large 
number  of  polymers  available  and  the  different  methods  of  mixing  open 
the  way  to  numerous  products.  With  a  detailed  knowledge  of  interrela¬ 
tions  between  blending  procedures,  morphology  of  the  resulting  blend, 
and  mechanical  as  well  as  thermal  behavior  of  the  product,  new  mate¬ 
rials  can  be  tailored  for  sspecific  applications 

in  earlier  studies  !l-4)  the  copolyester  of  polyethylene  terephtha- 
late  and  p-hydroxybenzoate  (COP)  was  investigated  In  blends  with  poly¬ 
carbonate)  (PC)  and  polyethylene  terephthalate)  (PET)  Transesteriflca- 
tlon,  phase  behavior  in  the  ternary  system  with  solvent  and  solid  state 
morphologies  of  the  pure  copolyester  were  studied.  The  thermal  behavior 
of  different  compositions  of  the  copolyester  is  reported  in  [5] 
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MATERIALS 

The  liquid  crystalline  material  used  In  this  study  Is  a  COP  contai¬ 
ning  40  mole  %  PET  and  60  mole  %  p-hydroxybenzoate  (PHB).  This  mate¬ 
rial,  with  weight -average  molecular  mass  M  *  19,000,  was  first  prepared 
by  Jackson  and  Kuhfuss  16],  As  discussed  in  12] ,  the  polymer  shows  a 
two-phase  morphology  with  island  structure;  see  also  [5]  and  papers  ci¬ 
ted  therein.  The  EP  was  a  poly(blsphenol-A-carbonate)  with  M  *  31 ,000. 

Most  of  the  blends  were  prepared  by  dissolving  certain  amounts  of 
the  pure  polymers  In  a  chloroform  ♦  trlfluoroacetlc  acid  solvent  system 
and  subsequent  combined  precipitation  of  both  polymers  from  this  solution 
with  acetone.  The  precipitate  was  dried  under  vacuum  and  then  compres¬ 
sion  molded  or  extruded. 


EPERIMENTAL  TECHNIQUES 

The  blends  were  analysed  with  light-  and  electron-  microscopes; 
calorimetric  experiments  were  carried  out  with  a  Perkln-Elmer  DSC-2  ; 
thermomechanical  analysis  was  done  using  a  Perkln-Elmer  TMA;  and  the 
dynamic-mechanical  analysis  was  performed  with  a  torsion  pendulum 
working  at  a  constant  frequency  of  1  Hz  made  by  Myrenne,  Roetgen,  FRG. 
WAX  studies  were  executed  with  synchroton  radiation  at  DESY  In  Hamburg. 


RESULTS  AND  DISCUSSION 

From  light  microscopy  It  became  obvious  that  phase  separation 
occured  in  the  whole  concentration  range  and  that  application  of  pressure 
resulted  in  a  fine  and  very  homogeneous  distribution  of  the  phases .  The 
Identification  of  the  phases  could  be  done  as  only  the  frozen-in  nematic 
structures  of  the  PLC  are  blrefrlngent. 

Calorimetry  and  dynamic  mechanical  analysts  showed  that  there 
exists  a  very  complex  phase  structure  with  several  non-equllibrlum 
phases.  The  localisation  and  the  dimensions  of  these  non-equilibrium 
phases  Is  strongly  infuenced  by  the  degree  of  dispersion  of  the  phases  and 
by  the  thermal  history  of  the  sample.  The  non-equilibrium  phases  can  be 
stabilized  In  a  metastable  state. 

The  most  important  part  of  the  phase  diagram  with  respect  to  the 
mechanical  properties  Is  shown  in  Fig.  I.  A  more  detailed  dtscussion  of 
the  whole  diagram  (broken  vertical  lines,  the  nature  of  various  phases) 
will  be  the  subject  of  future  papers. 
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weight  %  PC 

Fig.  1  A  part  of  the  phase  diagram  of  COP  containing  60  mole  %  PHB  with 
PC.  Note  the  partial  miscibility  between  80  and  90  weight  %  PC. 


The  experiment  also  showed  that  the  presence  of  COP  assists  -  In  fact  ma¬ 
kes  possible  -  the  nucleatlon  of  PC  crystals;  see  Fig.  2.  In  pure  PC  under 
Identical  conditions  the  nucleatlon  was  Dfll  observed.  COP  did  crystallize 
too,  the  PHB-rlch  phases  of  COP  could  be  Identified  as  the  regions  where 
the  crystallization  took  place;  see  Figures  3  and  4. 

Fig.  5  shows  the  Influence  of  annealing  on  the  dynamic-mechanical 
behavior.  The  storage  modulus  is  Increased;  the  second  glass  transition 
line,  which  can  be  attributed  to  PC,  is  less  steep. 

In  Fig.  I  there  is  a  region  of  partial  miscibility  between  about  80 
and  90  mole  %  PC.  In  this  concentration  range  PC  Is  capable  of  Incorpora- 
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Fig.  6  Influence  of  crystal  Unity  and  composition  on  compression-molded 
samples.  Conditions:  4MPa  and  2I0-220°C. 

ting  certain  amounts  of  COP,  as  demonstrated  by  the  decrease  of  the 
glass-transition  temperature  of  PC.  By  contrast,  COP  does  not  Incorpo¬ 
rate  PC:  there  is  no  altering  of  the  glass  transition  temperature  of  COP  at 
*  50°C.  As  a  consequence  of  the  partial  miscibility  In  this  narrow  con¬ 
centration  range,  COP  fibres  which  may  be  formed  during  an  extrusion 
process  are  glued  together  by  a  thin  layer  of  PC.  This  results  In  an  inc¬ 
rease  of  the  flexural  modulus  which  begins  just  In  the  concentration  range 
where  partial  miscibility  Is  observed;  see  Fig.  6.  Further  results  related 
to  the  flexural  modulus,  shear  behavior  and  the  relationship  of  properties 
to  the  phase  diagram  of  the  pure  COP  [5]  are  In  preparation. 
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ABSTRACT 

To  determine  the  compatibility  between  the  rigid  rod  and  the 
flexible  chain  polyquinolines ,  both  small  angle  x-ray  and  neutron 
scattering  measurements  were  conducted  on  blends  containing  deuterated 
flexible  chains.  The  scattering  Intensities  from  both  x-ray  and  neutron 
were  reduced  to  their  absolute  scales  in  order  to  remove  the  scattering 
contribution  from  microvoids  which  tended  to  overshadow  the  signal  of 
molecular  origin.  Quantitative  information  regarding  the  molecular 
dispersion  in  a  50/50  rigid  rod  and  flexible  chain  blend  was  obtained.  The 
result  indicated  that  this  material  was  partially  segregated  but  not  to 
the  point  of  single  component  phases. 


INTRODUCTION 

Polyquinoline [ 1 ]  is  a  candidate  for  molecular  composites.  In  a 
molecular  composite,  rigid  rod  molecules  are  dispersed  in  a  matrix  of  a 
flexible  polymer,  and  thus  individual  molecular  rod a  act  as  the 
reinforcing  fibers.  Molecular  composites  have  the  potential  to  combine 
the  performance  of  a  conventional  composite  with  easy  processing  of 
thermoplastics  while  retaining  excellent  properties  at  high  temperature. 
In  an  ultimate  molecular  composite,  each  molecular  rod  should  be 
completely  surrounded  by  flexible  polymer  molecules.  There  is,  however,  a 
strong  tendency  for  the  rigid  rod  molecules  to  aggregate  and  separate  on  a 
larger  scale.  To  overcome  this  problem,  a  number  of  modifications  to 
chemical  compositions  are  being  explored.  There  Is  still  a  need  to 
develop  test  methods  to  characterize  the  degree  of  dispersion  in  these 
materials  such  that  progress  can  be  quantified.  It  has  been  demonstrated 
by  the  present  authors  that  small  angle  scattering  (SAS)  is  a  viable 
technique  for  the  structure  determination  of  molecular  composites  in 
bulk[2].  The  presence  of  microvoids  has  hampered  the  use  of  SAS  for 
quantitative  measurements  of  rigid  rod  polymers  and  their  blends.  To 
circumvent  this  difficulty,  both  small  angle  neutron  and  x-ray  (SANS  and 
SAXS)  experiments  were  carried  out  on  the  same  specimen.  Because  of  the 
differences  in  the  scattering  contrast  factors  of  the  voids  between  x-ray 
and  neutron  scattering,  the  void  contribution  to  the  scattering  intensity 
can  be  estimated  and  then  removed. 

This  SAS  scheme  has  been  applied  successfully  to  a  polyquinoline 
multiblock  copolymer  composed  of  rigid  rods  and  flexible  blocks[2].  The 
result  suggested  that  this  copolymer  was  strongly  associated  but  not  yet 
segregated  into  phases  of  single  components.  The  sample  was  prepared  by  a 
solution  casting  method,  and  it  took  a  significant  amount  of  time  for  the 
polymer  to  precipitate.  In  the  present  work  the  film  samples  were 
prepared  by  using  the  extrusion  equipment  at  the  Wright  Patterson  Air 
Force  laboratory.  The  extrudate  was  rapidly  coagulated  in  a  nonsolvent 
bath.  It  is  conceivable  that  the  extent  of  mixing  can  be  improved  through 
this  extrusion  process.  Both  copolymer  and  blend  samples  were  prepared. 
The  SAS  results  for  the  copolymer,  as  will  be  shown  later,  support  the 
notion  that  extrusion  provides  improved  mixing  compared  to  the  solution 
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casting  samples. 

EXPERIMENTS 

The  maltiblock  copolymer  used  in  this  work  has  a  number  average 
molecular  weight  of  150,000,  with  each  block  having  a  value  of  about 
17,000.  This  value  corresponds  to  a  degree  of  polymerization  (DP)  of  30 
for  each  block.  The  blends  were  made  of  50/50  rigid  rod  and  flexible 
chain  polyquinolines  and  their  DPs  were  660  and  330  respectively.  The 
details  for  the  chemical  structure  and  the  synthesis  of  this  material  can 
be  found  elsewhere! 1] .  The  flexible  chain  component  in  both  the  block 
copolymer  *\nd  the  blends  was  partially  deuterated  to  enhance  the  neutron 
scattering  contrast.  To  prepare  the  SANS  and  SAXS  samples  a  number  of 
layers  of  the  extruded  films  were  stacked  to  randomize  the  molecular 
orientation  within  individual  films. 

A  deuterated  polyethylene  (DPE)  specimen  was  used  to  cross -calibrate 
the  SANS  and  the  SAXS  instruments.  Both  the  SANS  and  SAXS  measurements 
were  conducted  at  the  NIST  facilities.  A  silica  gel  specimen  was  used  as 
the  secondary  absolute  intensity  standard  for  the  SANS  measurements. 

RESULTS  AND  DISCUSSION 

Based  on  the  density  values  of  the  copolymer  and  the  homopolymers, 
one  has  the  following  contrast  factors  for  SAXS  and  SANS[2]  intensity, 
I (q) ,  expressed  in  their  absolute  scales. 

Is*xs(q)  =  9.23  V(q)  +  3.37  x  lCT*S(q).  (1) 

I3A1(s<q)  =  0.85SV(q)  +  9.46  x  lCT2S(q).  (2) 

V(q)  and  S(q)  are  the  structure  factor  of  the  voids  and  the  polymer 
respectively.  Both  quantities  are  expressed  in  terms  of  v  which  is  the 
molar  volume  of  the  repeat  unit  of  a  rigid  rod  segment,  and  its  value  is 
6.995  x  10'zzcm3  corresponding  to  a  bulk  density  of  1.32.  The  material 
studied  in  this  work  is  composed  of  three  components;  they  are  microvoids, 
rigid  and  flexible  chains  with  each  component  having  a  different 
scattering  cross-section.  Equations  1  and  2  are  merely  an  approximation 
of  a  three -component  scattering  theory[3]  for  the  case  in  which  the  volume 
fraction  of  the  microvoid  is  rather  small  in  comparison  with  the  other  two 
components.  It  is  noteworthy  that  the  volume  fractions  of  the  voids  and 
the  polymers  are  included  in  these  factors  V(q)  and  S(q). 

The  calculated  results  for  V(q)  and  S(q)  for  the  block  copolymer  are 
given  in  Figure  1.  The  height  of  the  S(q)  maximum  is  about  70,  and  it  is 
substantially  less  than  400  as  observed  in  the  solution  cast  film[2). 
Based  on  this  finding  we  conclude  that  the  extruded  film  has  a  more 
homogeneous  molecular  structure  than  the  solution  cast  one.  As  was 
estimated  in  a  previous  publlcatlon[2] .  the  peak  height  for  the  block 
copolymers  with  an  ideal  mixing  is  only  1.43.  Apparently  the  extent  of 
the  molecular  dispersion  in  the  extruded  film  is  still  far  from  ideal; 
partial  segregation  between  the  rigid  rod  and  the  flexible  chain 
polyquinoline  still  prevails. 

The  SAXS  and  the  SANS  results  for  the  homopolymer  blend  lead  to  the 
results  given  in  figure  2.  The  theoretical  value  of  S(q)  will  be 
estimated  for  the  ideal  case  in  which  all  the  chains  are  randomly 
dispersed  regardless  of  their  compositions  or  their  rigidity.  For  this 
case  one  has  the  following  expression  for  S(q)[4]: 
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S(q)  Su(q)  SJ2(q)  *  1  ’ 

X  is  the  Flory-Huggins  interaction  parameter  and  S14(q)  is  the  single 
chain  correlation  function  for  the  flexible  chain  polymer.  S22(q)  is  then 
the  correlation  function  for  the  rigid  rod.  It  is  noteworthy  that  the 
factor  involving  the  volume  fraction  is  Included  in  the  functions  Sll(q) 
and  S22(q) . 


Figure  1 :  Form  factors 
of  the  microvoids  and 
the  multiblock 
polyquinoline.  The 
sample  was  prepared  by  a 
extrusion  and  followed 
by  a  rapid  coagulation 
process . 


Figure  2:  Form  factors 
of  the  mlcrovolds  and 
the  blend  of  high 
molecular  weight 
polyqv  o lines. 


0.00 
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Based  on  the  DP  values  of  330  and  660  and  the  radii  of  gyration  of  159  A 
and  860  A  for  polymer  1  and  2  respectively  the  calculated  result  of 
equation  3  is  given  in  figure  3.  The  radius  of  gyration  of  the  rigid  rod 
is  obtained  from  a  light  scattering  measurement  [1]  and  the  value  for  the 
flexible  one  is  estimated  from  a  freely  joint  chain  model;  the  monomer 
length  in  its  fully  extended  state  was  chosen  as  the  step  length.  The 
solid  curve  on  figure  3  is  for  the  case  in  which  x  equals  zero  and  the 
dashed  line  is  for  x  equal  to  0.004  which  is  close  to  the  critical  value 
for  phase  separation.  By  comparing  the  experimental  result  (solid  circles 
on  the  same  figure)  to  the  theoretical  ones  we  conclude  that  the  extent  of 
segregation  present  in  this  blend  is  beyond  that  which  can  be  described  by 
a  mean  field  theory  such  as  equation  3. 


Figure  3;  The 
theoretical  form  factor 
of  the  blend  using 
equation  3;  solid  line 
for  x=0,  dashed  line  for 
Xs1 .  004 .  The 
experimental  result  of 
data  points  of  figure  2 
are  also  shown. 
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For  a  partially  segregated  blend,  the  form  factor  of  the  cluster  can 
be  approximated  by  a  Debye  type  correlation  function  shown  in  equation  4 
where  £  denotes  the  correlation  length  of  the  composition  fluctuation. 

7<r)  =  exp  (-|)  (4) 

The  corresponding  form  factor  In  Fourier  space  is  given  as 


S(q)  =  ™  *(W)<« c)2 


(l+fSq2)2 


(5) 


where  6c  stands  for  the  amplitude  of  the  composition  fluctuation.  The 
value  of  6c  is  unity  for  a  completely  segregated  blend  and  zero  for  an 
ideal  solution.  The  term  ^  denotes  the  volume  fraction  occupied  by  the 
rigid  rod  rich  phase,  hence  l-<£  is  for  the  flexible  chain  rich  phase. 

The  best  fit  between  the  experimental  results  and  equation  5  is 
given  in  figure  4  via  a  Zimra  type  plot.  The  upward  curvature  of  the 
experimental  results  in  figure  4  explains  why  equation  2  fails  to 
accommodate  the  experimental  result.  The  best  fit  value  of  £  is  115A  and 
the  prefactor  is  0.0015.  By  assuming  the  value  of  ^  be  0.5,  an  ideal 
value  for  the  case  of  a  matched  molecular  weight  between  these  two 
polyquinolines ,  the  value  of  6c  can  be  calculated  according  to  the  best 
fit  value  of  the  prefactor  and  gives  a  result  of  0.4.  This  6c  value 
suggests  that  the  local  compositional  fluctuation  of  the  rigid  rod  or  the 
flexible  chain  is  *20%  from  the  mean  value  of  0.5.  For  a  completely 
segregated  blend  the  values  of  4>  and  6c  are  0.5  and  1.0  respectively. 
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This  results  in  a  prefactor  of  0.009  which  is  significantly  greater  than 
the  best  fit  value  of  0.0015.  It  is  also  noteworthy  that  the  value  of  £ 
is  much  less  than  890&  ,the  Rs  of  the  rigid  rod  molecule.  One  possible 
explanation  is  that  the  rigid  rod  rich  phase  has  the  shape  of  a  thin 
cylinder,  and  the  value  of  f  reflects  the  average  lateral  dimension  of 
this  cylindrical  object. 


Figure  4:  The  data 
points  for  the  observed 
form  factor  of  the  blend 
presented  via  a  Zimm 
type  plot.  The  best  fit 
result  using  equation  5 
is  given  as  the  solid 
line . 


In  figure  4  some  deviation  of  equation  5  from  the  experimental  data 
can  be  observed  in  the  high  q  region,  i.e.  in  the  region  of  fq  5->1.0  . 
This  Is  expected  since  equation  5  is  merely  an  approximation  of  the 
scattering  intensity  for  the  low  q  region.  In  the  high  q  region  the 
intensity  should  decrease  as  q'1  or  q-J  depending  the  local  chain 
conformation  in  this  partially  segregated  blend. 

CONCLUSION 

The  high  molecular  weight  polyquinoline  blend  studied  in  this  work 
is  partially  segregated  with  a  correlation  length  of  115 k  which  is  much 
less  than  the  R,  of  the  rigid  rod  molecules.  Results  for  the  block 
copolymer  indicate  that  the  extrusion  process  enhances  the  mixing  of  this 
material . 
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ABSTRACT 

Blends  of  polybenzimidazole  (PBi)  with  either  of  two  fluorine-containing  polyimides 
were  prepared  by  casting  from  solution  and  by  precipitation.  Dynamic  mechanical 
thermal  analysis  (DMTA)  and  differential  scanning  calorimetry  (DSC)  were  used  to  study 
miscibility  in  the  two  blend  systems. 

The  blends  of  PBI  with  the  first  polyimide,  the  polysulfonimide  PI-1,  consisted  of  a 
single  phase  when  the  blends  contained  less  than  30  wt%  PI-1:  above  50  wt%  PI-1, 
phase  separation  occurred  even  at  room  temperature.  The  PBI  blends  containing  the 
second  polyimide,  PI-2,  were  immiscible. 


INTRODUCTION 

Miscible  polymer  blends  consisting  of  high  performance  polymers,  aromatic 
polybenzimidazoles  and  polyimides,  have  been  studied  lor  several  years  [1  -4). 

Miscibility  in  these  blend  systems  was  confirmed  by  the  presence  of  single,  composition- 
dependent  Tg's  lying  between  those  of  the  constitutent  polymers,  by  well-defined 
composition-dependent  tan  8  peaks  associated  with  the  glass  transition  and  by  the 
formation  of  clear  films. 

In  this  contribution,  the  phase  behavior  in  blends  of  polybenzimidazole  (PBI)  with  two 
fluorine  containing  polyimides,  PI-1  and  PI-2,  is  presented. 


EXPERIMENTAL 

Materials  and  blend  preparation 

Poly-2,2'-(m-phenylene)-5,5'-bibenzimidazole  (PBI)  (Hoechst-Celanese)  was 
used  as  the  representative  polybenzimidazole.  The  fluorine  containing  polyimides,  PI-1 
and  PI-2,  with  the  structures  shown  below  were  prepared  by  NASA-Langley. 


Mat.  Ras.  Soc.  Symp  Proc.  Vol.  171.  <  1990  Materials  Raaaarch  Sociaty 
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Elemental  analyses  of  PI-1  and  PI-2  were  performed  by  the  University  of 
Massachusetts  Analytical  Laboratories.  Mw  and  Mn  were  obtained  by  size  exclusion 
chromatography  (SEC)  using  dimethylformamide  as  solvent  at  60°C.  Four  columns  of 
pore  sizes  106,  10s,  104  and  500  A  were  used  and  were  calibrated  with  poly(methyl 
methacrylate)  standards.  The  results  of  elemental  analysis  and  SEC  are  listed  in  Table  I 


Table  I 

Elemental  Analysis  and  SEC  results  for  PI-1  and  PI-2 


Elemental  Anaylses 

Mw 

Mn 

M*/Mn  Tg(»C) 

PI-1 

Calc.  C:  56.71%  H:  2.13  N:  4.27  F:  17.37  S:  4.87 
Found  C:  54.88  H:  2.57  N:  4.08  F;  17.50  S:  4.96 

17.2 
x  105 

3.1 
x  105 

5.5 

276 

PI-2 

Calc.  C:  61.18  H;  2.30  N:  4.61  F:  18.75 

Found  C:  61.22  H:  2.55  N:  4.65  F:  19.07 

67.0 
x  105 

36.8 
x  105 

1.82 

232 

Blends  were  prepared  by  mixing  3%  (wA/)  solutions  of  PBI  and  polyimides  in  N,N 
dimethylacetamide  (DMAc)  in  the  desired  proportions.  The  polyimides  dissolved  readily 
in  DMAc  under  ambient  conditions  but  even  in  a  pressure  vessel  at  225°C,  PBI  left  an 
insoluble  residue  which  was  removed  by  filtration.  Films  of  PBI/PI-1  and  PBI/PI-2 
blends  were  prepared  by  casting  3%  (w/v)  solutions  on  glass  plates.  The  solvent,  DMAc. 
was  evaporated  under  dry  Nz  by  healing  to  80°C  for  48  hours.  The  films  were  dried 
further  under  vacuum  with  a  gradual  increase  in  temperature,  from  100  to  220°C  in 
20°C  increments.  Each  temperature  was  held  for  two  to  three  days;  finally  the  films 
were  held  at  220“C  for  7  days,  until  thermogravimetric  analysis  (TGA)  showed  less  than 
0.2%  weight  loss  in  a  heating  cycle  from  100  to  350°C. 

Precipitated  blends  were  prepared  by  adding  excess  methanol  to  solutions  containing 
PBI  and  the  appropriate  polyimide.  A  fine  powder  was  obtained  which  was  washed  with 
water  to  remove  residual  DMAc  and  vacuum  dried  in  the  same  way  as  the  films.  Residual 
solvent  was  also  assessed  by  TGA.  Differential  scanning  calorimetry  (DSC)  measurements 
were  made  on  samples  with  residual  solvent  contents  of  less  than  0.2  wt%;  film  and 
powder  samples  gave  identical  results. 


Dynamic  mechanical  analysis  and  differential  scanning  calorimetry 


Dynamic  mechanical  analysis  (DMTA)  experiments  were  carried  out  using  a 
Polymer  Laboratories  DMTA  equipped  with  a  high  temperature  (500°C)  head  under  dry 
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N2.  Films  about  0.2  mm  thick  were  used  in  the  flexural  mode,  under  constant  strain,  at  1 
Hz.  The  scanning  rate  was  4°C/min  in  the  temperature  range  from  150  to  450°C. 

Differential  scanning  calorimetry  (DSC)  experiments  were  made  under  N2  using  film 
and  powder  samples  with  a  Perkin-Elmer  DSC-7  differential  scanning  calorimeter 
controlled  by  a  7500  PC.  The  heating  rate  was  20'C/min. 

A  Perkin-Elmer  thermogravimetric  analyzer  was  used  to  measure  the  residual  solvent 
content  of  film  and  powder  samples.  The  heating  rate  was  20°C/min  and  the  experiments 
were  performed  under  N2. 


RESULTS  AND  DISCUSSION 
PBI/PI-1  blends 

It  is  important  to  note  that  the  blend  samples  were  not  heated  above  220°C  prior  to 
determining  Tg’s.  Thus  the  phase  relationships  observed  in  these  systems  can  be  regarded 


CO 

c 

,o 


Fig.  1 


Dynamic  mechanical  analysis  of  PBI/PI-1  Blends 
1)  PI-1,  2)  PBI/PI-1 :25/75  wt%,  3)  PBI/PI-1:  50/50  wt% 
4)  PBI/PI-1:  75/25/wf  %,  5)PBI 


200 


as  stable  to  220°C  (or  at  least  unchanging  within  the  time  scale  of  the  experiment). 

Figure  1  shows  single,  composition-dependent  tan  S  peaks  indicating  miscibility  for 
the  PBI/PI-1  biend  up  to  a  blend  composition  of  about  30  wt%  PI-1.  The  observed 
clarity  and  strength  of  the  cast  films  Is  consistent  with  these  results;  the  85/15,  75/25 
and  70/30  wt  %  PBI/PI-1  blends  are  clear  and  strong  as  expected  of  miscible,  one-phase 
polymer  systems. 

When  the  PBI/PI-1  blend  contained  more  than  50  wt%  PI-1,  two  phases  are  observed 
for  both  film  and  powder  samples.  One  phase,  which  appears  to  be  a  mixed  phase  has  a  Tg 
of  about  345°C.  According  to  the  Fox  equation  [5]  this  Tg  corresponds  roughly  to  a  blend 
composition  of  50/50  wt%  which  appears  to  be  the  composition  around  which  the  limit  of 
miscibility  in  the  PBI/PI-1  bend  system  is  reached.  The  second  phase,  with  a  Tg  of 
275°C  corresponds  to  pure  PI-1  (Fig.  1-(2)).  At  the  blend  compositions  of  60/40  and 
50/50  wt%  a  single,  broad  tan  Speak  is  observed  (Fig.  1(3)).  The  broadening  may  be 
ascribed  to  phase  separation  which  occurs  as  the  sample  is  heated  to  temperatures  above 
its  Tg  and  may  result  in  the  presence  of  higher  Tg  mixtures  whose  damping  behavior  is 
then  measured  as  the  temperature  is  increased.  The  PBI/Ultem  1 000  system  [1 ,3] 
shows  the  same  behavior  except  that  these  two  polymers  are  miscible  over  the  entire 
composition  range. 

The  films  cast  from  solutions  of  PBI  and  PI-1  have  a  physical  appearance  which  is 
consistent  with  the  phase  behavior  in  these  blends.  The  films  become  more  opaque  anc' 
their  strength  decreases  as  the  PI-1  concentration  in  the  blend  is  increased  beyond  th, 
apparent  miscibility  limit  of  50/50  wt%. 


Phase  behavior  at  hioh  temperature 

Figure  2  shows  DMT A  data  for  the  PBI/PI-1  blends  after  heating  to  450°C.  A  damping 


Fig.  2 
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TEMPERATURE  («C) 


Dynamic  mechanical  analysis  of  PBI/PI-1  blends;  samples  healed  to  450°0. 

A)  PBI/PI-1:  75/25  wt%,  B)  PBI/PI-1:  50/50  wt%,  C)  PBI/PI-1:  25/75/wt% 
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peak  clearly  associated  with  the  polysulfonimide  component  is  observed  only  for  the  Pl- 
1  -rich  samples  (Fig.  2C).  The  damping  associated  with  a  PBI-rich  phase  or  pure  PBI  is 
apparently  suppressed  and  shifted  to  higher  temperatures  as  a  result  of  crosslinking 
reactions  known  to  occur  in  PBI  at  or  above  Tg  [6,7].  To  clarify  the  phase  behavior  for 
PBI-rich  Wends,  DSC  experiments  were  conducted  on  mixtures  with  blend  compositions 
of  85/15,  75/25  and  70/30  wt%  PBI/PI-1  before  and  after  annealing  at  temperatures 
between  300  and  450°C.  No  indication  of  phase  separation  was  observed  although  when 
the  samples  were  annealed  above  400°C,  chemical  changes  apparently  occurred.  Thus  the 
phase  boundary  for  PBI/PI-1  blends  at  these  compositions  appears  to  be  above  400°C, 
although  the  exact  position  of  the  boundary  is  obscured  by  the  chemical  changes  which 
take  place  at  high  temperatures. 


ite-EBKEUL-hlends 

Figure  3  shows  DMTA  measurements  for  the  PBf/PI-2  blend  system.  In  contrast 
to  the  results  for  the  PI-1  containing  blends,  Iwo  separate  transitions  can  be  observed 
over  the  entire  range  of  blend  compositions.  The  Tg's  of  the  two  phases  are  slightly 
displaced  from  those  of  the  pure  components  which  indicates  the  presence  of  minor  mixed 
phases.  We  were  unable  to  obtain  mixtures  which  clearly  showed  a  single  phase  even  at 
the  extremes  of  the  composition  range.  Similar  small  shifts  were  observed  in  the  Tg  peak 
corresponding  to  Pl-2  which  can  be  attributed  to  small  amounts  (s  10  wt%)  of  PBI  in 
this  phase.  This  mixture  appears  to  become  phase  separated  after  heating  above  450°C. 


Fig.  3 
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Dynamic  mechanical  analysis  of  PBI/PI-2  blends 
1)  PBI,  2)  PBI/Pl-2:  75/25/wt%,3)  PBI/PI-2:  50/50  wt%, 
4)  PBI/PI-2:  25/75/wt%,  5)  PI-2 
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CONCLUSIONS 

PI-1  exhibits  partial  miscibility  in  blends  with  PBI;  the  approximate  phase  behavior  is 
shown  schematically  in  Figure  4. 

PBI/PI-2  blends  are  essentially  immiscible  except  perhaps  at  blend  compositions  of 
10  wt%  or  less  of  PBI. 


Fig.  4  Wt  %  Pi-1 

Schematic  phase  diagram  for  PBI/PI-1.  The  dotted  line  is  the  calculated  Tg; 
the  circles  are  the  observed  Tg 
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ABSTRACT 

Small  angle  neutron  scattering  (SANS)  has  been  used  Co  study  the 
scattering  function  and  thermodynamics  of  blends  of  linear  protonated 
polystyrene  (PSH)  and  crosslinked  deuterated  polystyrene  (PSD) .  Two  series 
of  samples  were  synthesized.  In  both  cases  the  samples  were  made  by 
dissolving  the  linear  PSH  in  deuterated  (d8)  styrene  monomer  containing  a 
small  amount  of  divinyl  benzene  as  a  crosslinker  which  was  then  polymerized 
to  form  the  PSD  network  around  the  Linear  PSH  chains.  The  samples  were  a  LI 
made  at  a  concentration  of  50/50  by  weight  PSD/PSH.  A  special  effort  was 
made  to  keep  the  samples  single  phase  so  that  SANS  could  be  used  to  study 
the  thermodynamics  of  the  system  and  compare  with  theory.  This  entailed 
working  at  relatively  low  crosslink  densities  (<1  mole  %  crosslink  units) . 
Series  1  is  a  set  of  samples  with  the  same  crosslink  density  varying  the 
length  of  the  linear  chain.  Series  2  is  a  set  of  samples  containing  the  same 
length  linear  chain  varying  the  crosslink  density  systematically.  By 
extrapolating  S(q)  obtained  from  SANS  to  q=0  the  zero  angle  scattering, 

S(0),  was  obtained.  S(0)  is  inversely  proportional  to  the  second  derivative 
of  the  free  energy  with  respect  to  composition,  d2(Af/kT )/d<f>2  .  Assuming 
additivity  of  the  free  energies  of  mixing  and  elasticity,  the  portion  of  the 
zero  angle  scattering  due  to  elasticity  is  calculated. 

INTRODUCTION 

Small  angle  neutron  scattering  has  been  used  in  recent  years  to  study 
the  thermodynamics  of  phase  separation  in  linear  polymer  blends  with  much 
success  [1-4] .  In  this  work  we  wish  to  extend  the  use  of  neutron 
scattering  to  study  the  phase  separation  transition  in  systems  where  one  of 
the  components  is  crosslinked.  The  topic  of  linear  polymer  chains  in 
networks  has  been  studied  in  the  past  under  the  topic  of  serai* 
interpenetrating  polymer  networks  (semi-IPN)  but  a  careful  review  of  this 
area  shows  that  the  systems  studied  are  almost  exclusively  phase  separated. 
Generally,  Che  phase  separation  occurs  during  the  polymerization  and  the 
systems  exhibit  a  nonequilibrium,  kinetically  controlled  two  phase 
morphology  [5*7].  The  emphasis  in  the  work  presented  here  is  on  singLe 
phase  systems  and  the  thermodynamics  which  control  the  miscibility  of  the 
mixture . 


THEORY 


The  classical  theory  for  the  free  energy  of  a  network  swollen  by  a 
solvent  due  to  Flory  and  Rehner  [8]  (and  later  revised  by  Flory  [9])  can  be 
extended  to  a  network  containing  linear  chains  [10,11].  Assuming  additivity 
of  the  free  energies  described  by  Gaussian  rubber  elasticity  and  a  Flory - 
Huggins  theory  the  free  energy  per  unit  volume  of  the  system,  Af,  can  be 
written  as 

Af  3  B 4>  (1**)  ln(l-*) 

—  =  —  (*,l'Uxn  ■  *)  *  —  In <*/*.)  +  -  +  x*(W)  (1) 

kT  2NC  2NC  Nb 

where  ^  is  the  volume  fraction  of  the  network,  <fr%  is  the  volume  fraction 
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where  the  network  is  relaxed  (the  network  reference  state;  usually  taken  as 
the  composition  where  the  network  was  formed) ,  Nc  is  the  average  number  of 
monomer  units  between  crosslink  points,  Nb  is  the  number  of  monomer  units  in 
the  linear  chain  (b  component)  and  \  is  the  Flory  interaction  parameter. 

The  specific  volumes  of  the  different  monomers  have  been  left  out  for 
simplicity.  The  constant  B  has  been  generally  taken  as  2/f  by  Flory  ( 9  J , 
where  f  is  the  functionality  of  the  crosslink  points  in  the  network,  but 
others  have  argued  for  different  values  {12-14].  The  coexistence  curve  is 
obtained  when  the  chemical  potential  of  the  linear  b  chains  inside  and 
outside  the  network  are  equal.  The  chemical  potential  of  the  b  chains  is 
given  by  ^=3 (AF/kT)/^^  where  AF  is  the  total  free  energy  of  the  system  and 
nb  is  the  number  of  moles  of  the  linear  b  chains  [11]. 

d,2'3* 1/3  Bd  «  ln(W) 

Mb  =  -  -  —  +  -  +  -  +  x4>2  (2) 

Nc  Nb  Nb 


Because  the  swollen  network  is  in  equilibrium  with  a  phase  of  pure  b 
chains,  equation  2  can  be  used  to  calculate  the  coexistence  curve  directly 
(upon  setting  pb=0)  without  resorting  to  solving  a  set  of  simultaneous 
equations  involving  both  and  as  is  necessary  in  polymer  blends.  For 

the  spinodal  line  extra  care  must  be  taken  in  calculating  32  (Af/kT )/d<t>2  in 
order  to  correctly  account  for  the  effect  of  fluctuations  in  composition  on 
the  already  swollen  network  {15,16].  If  this  is  done  the  equation  for  the 
spinodal  (and  the  zero  angle  scattering)  is  given  as 


d2 (Af/kT)  B  *.2'3  1  k„ 

-  =  -  +  -  +  -  .  2*  =  -  (4) 

a d2  2Ned  Ncd5'3  Nb(l-d>  S(0) 


where  k„  is  a  contrast  constant  that  depends  on  the  type  of  radiation  used 
for  the  scattering  experiment.  This  equation  also  agrees  with  the  criteria 
for  when  an  elastic  body  becomes  unstable  to  fluctuations  given  by 


1 

S(0)' 1  -  - 

«c  +  (4/3)C 


(5) 


where  k  Is  the  osmotic  bulk  modulus  and  G  is  the  shear  modulus  [15-17). 
Figure  1  shows  a  phase  diagram  calculated  for  network  with  Nc=500,  Nb=50, 
B=l/2  and  ^,=0.5.  The  ordinate  is  In  arbitrary  temperature  units  based  on 
the  observation  that  x  generally  has  the  form  A  +  B/T  [1,2.18,19] .  The 
addition  of  an  elastic  component  to  the  free  energy  causes  the  phase  diagram 
to  be  asymmetric.  In  addition,  with  the  form  of  the  free  energy  given  in 
equation  1  there  Is  no  critical  point  with  the  phase  transition  being  first 
order  at  all  compositions. 
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Figure  1:  Phase  diagram 
calculated  for  linear 
chains  in  a  network. 


The  scattering  from  the  blends  studied  in  this  work  is  expected  to 
follow  classical  Omsteln-Zernike  form  with  the  total  scattering  given  by 


S(0) 

S(q)  =  -  (6) 

1  +  (fq)* 


where  £  is  the  correlation  length  of  the  concentration  fluctuations  in  the 
system  and  q  is  the  scattering  vector  (q  =  <4ir/A) sin0 )  .  If  the  data 
follows  equation  6  then  a  plot  of  S(q)"1  versus  q2  should  be  linear  with 
the  correlation  length  being  equal  to  the  square  root  of  the  ratio  of  the 
slope  to  the  intercept. 


EXPERIMENTAL 


Linear  protonated  polystyrene  (PSH)  was  purchased  from  the  Pressure 
Chemical  company  while  the  deuterated  (d8)  styrene  monomer  and  divinyl 
benzene  was  purchased  from  Aldrich  [20].  The  styrene  was  dried  over 
calcium  hydride  and  distilled.  Azobis(isobutyronitrile)  (AIBN)  was  used  as 
the  initiator.  Samples  were  prepared  by  dissolving  the  PSH  in  the 
deuterated  styrene  monomer/divinyl  benzene  mixture.  When  the  PSH  was 
completely  dissolved  a  few  drops  of  a  10%  AIBN  solution  in  toluene  was 
added  to  give  0.1  wt  %  initiator.  The  mixture  was  then  sealed  in  a  SANS 
cell  and  placed  in  a  oven  at  70*C  overnight.  The  temperature  was  then 
increased  to  130°C  for  an  additional  12  hours.  The  samples  were  all  made  at 
a  concentration  of  50/50  by  weight  PSD/PSH.  Series  1  is  a  set  of  samples 
with  the  same  network  (Ne=387)  varying  the  length  of  the  linear  chain 
(Nb=91,  308,  422,  981,  1711  and  3413).  Series  2  is  a  set  of  samples 
containing  the  same  length  linear  chain  (Nb=422)  varying  the  crosslink 
density  systematically  (Nc=«,  960,  475,  345,  260,  158).  Table  I  gives  the 
details  of  the  two  sets  of  samples.  The  crosslink  densities  were  calculated 
based  from  the  amounts  of  monomers  charged  to  the  reaction  and  a  reported 
divinyl  benzene  activity  of  57%. 

The  neutron  scattering  was  done  at  the  NIST  SANS  facility.  The 
wavelength  of  the  Incident  neutron  beam  was  9A  with  a  AA/A  of  25%  as 
determined  by  a  rotating  velocity  selector.  The  scattering  was  performed 
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above  Tt  at  150“C.  The  data  were  collected  by  using  a  two-dimensional  x-y 
detector  and  were  corrected  for  scattering  from  the  empty  cell,  incoherent 
background,  and  sample  thickness  and  transmission.  The  scattering  was 
placed  on  an  absolute  scale  using  a  calibrated  secondary  standard.  Data 
was  then  circularly  averaged  to  obtain  the  S(q)  versus  q  plots. 

RESULTS  AND  DISCUSSION 

The  two  series  of  samples  provide  a  probe  of  different  parts  of  the 
second  derivative  of  the  free  energy  as  given  in  equation  U.  If  the 
assumption  of  additivity  of  free  energies  is  valid,  i.e. 

^tflt  ®  ^Blx  +  (7) 

then  series  1,  where  the  crosslink  density  is  held  constant,  while  the 
length  of  the  linear  chain  is  varied,  allows  examination  of  dfol3t.  Series 
2  on  the  other  hand,  keeps  the  length  of  the  linear  chain  constant,  while 
Nc  varies,  thereby  probing  Af#Ia§ . 

Figure  2  presents  the  SANS  data  for  the  series  1  samples  in  both  S(q) 
versus  q  and  S(q)"1  versus  q2  forms.  As  the  length  of  the  linear  chain 
increases  the  scattering  intensity  also  increases.  In  the  S(q)'1  versus  q2 
plot  the  data  forms  a  series  of  straight  lines  which  move  roughly  parallel 
with  progressively  smaller  intercepts  as  Nb  increases.  The  sample  with 
Nb  =3413  was  phase  separated  as  indicated  by  the  negative  intercept  in  the 
S ( q ) “ 1  versus  q2  plot.  In  analogy  with  linear  polymer  blends  the  slope  of 
these  lines  is  proportional  to  the  square  of  the  statistical  segment  length 
i2  [1,18].  The  behavior  of  the  samples  in  series  1  is  qualitatively  similar 
to  that  of  a  linear  polymer  blend  as  the  temperature  is  changed. 


Ke-S«7 


Figure  2:  SANS  data  for  the  series  1  samples.  S(q)  versus  q  and  S(q)'1 
versus  q2 . 

Figure  3  presents  the  SANS  data  for  the  series  2  samples.  The 
scattered  Intensity  Increases  as  Ne  decreases.  The  samvle  with  the  highest 
crosslink  density  (Nc=158)  was  phase  separated.  The  phise  separation  of 
this  sample  can  be  attributed  to  the  stretching  of  the  network  necessary  to 
accommodate  the  linear  chains  at  this  crosslink  density  and  its  unfavorable 
contribution  to  the  free  energy  of  the  system.  The  small  x  between  PSH  and 
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PSD  is  not  sufficient  to  explain  the  phase  separation.  Unlike  the  data  for 
series  1  the  S(q)  versus  q2  plots  show  a  systematic  change  in  slope  with 
increasing  crosslink  density. 


Figure  3:  SANS  data  for  the  series  2  samples.  S(q)  versus  q  and  S(q)'1 
versus  q2 . 


Rearranging  equation  4  yields 


K 

S(0) 


1 

MW) 


*. 


2/3 


M5'5 


2* 


(8) 


indicating  that  a  plot  of  kn/S(0)'1  versus  1/N*(1-*)  should  give  a  straight 
line  with  a  slope  of  1  if  the  Flory-Huggins  combinatorial  entropy 
adequately  accounts  for  the  change  in  scattering  brought  about  by  the 
increase  in  the  length  of  the  Nb  chains.  Equation  8  also  assumes  that  the  * 
parameter  between  the  PSH  chains  and  the  PSD  network  is  Independent  of  the 
crosslink  density.  While  recent  studies  h'  shown  that  x  tan  be  a 
function  N,  the  effect  should  be  small  at  ti.e  crosslink  densities  studied  in 
this  work  [21).  Figure  4  is  a  plot  of  S(O)'1  versus  N^'1.  The  straight 
line  is  a  linear  least  squares  fit  to  the  data  and  has  a  slope  of  1.0410.05. 
The  x  Intercept  yields  the  value  of  where  S (0) " 1 *0  and  the  favorable  free 
energy  of  mixing  is  Just  balanced  by  the  elastic  energy  of  the  network  and 
phase  separation  occurs.  The  value  of  Nb  for  phase  separation  from  figure  4 
is  12700.  This  is  larger  than  what  la  found  for  the  sample  which  phase 
separated  ((^=3413)  but  the  extrapolation  in  figure  4  yields  Nb"'  which  will 
give  relatively  large  errors  in  Nb .  Assuming  a  value  of  *=1.3x10'*  for 
PSH/PSD  [22)  the  elastic  contribution  to  the  second  derivative  of  the  free 
energy  can  be  calculated  from  the  Intercept  of  the  line  in  figure  4.  The 
value  of  32(Af/kT)/3*2,i.,  is  1.54  x  10'3. 
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Figure  4:  k^/SCO)'1 
versus  l/Nb(l-<£)  for 
the  series  1  samples. 


For  the  series  2  samples  equation  4  can  be  arranged 


S(0) 


1 

+  - 

Nb(W) 


2* 


(9) 


and  a  plot  of  k^/SfO)-1  versus  1/NC  should  give  a  straight  line.  Figure  5 
shows  such  a  plot.  The  line  is  a  linear  least  squares  fit  to  the  data  and 
the  point  where  it  crosses  the  x  axis  is  the  value  of  Nc  where  phase 
separation  occurs  S(0)"l=0.  The  value  of  Nc  obtained  from  the 
extrapolation  is  160.  This  compares  favorably  with  the  value  of  Nc=158 
where  phase  separation  was  observed  to  have  occurred. 


Figure  5:  k„/S(0)-' 
versus  Nc_1  for  the 
series  2  samples. 


If  the  slope  of  the  S(q)'1  versus  q'2  can  be  taken  as  proportional  to 
the  square  of  the  statistical  segment  length,  f 2 ,  as  in  linear  polymer 
blends,  then  the  systematic  change  in  slope  with  Increasing  crosslink 
density  for  the  series  2  samples  indicates  an  corresponding  increase  in  l. 
The  slope  of  the  lines  in  figure  is  proportional  to  an  average  of  the 
statistical  segment  lengths  for  the  two  components  in  the  mixture.  The 
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implication  is  that  either  the  PSH  or  the  PSD  chains  (or  both)  are 
stretching  as  Nc  decreases.  The  data  cannot  distinguish  between  the  two 
possibilities,  but  one  might  speculate  that  the  network  chains  are  forced  to 
stretch  in  order  to  accommodate  the  linear  PSH  chains.  As  Nc  decreases  this 
stretching  increases  until  the  free  energy  penalty  caused  by  the  deformation 
drives  the  system  to  phase  separate.  If  one  does  not  worry  about  the 
magnitude  of  £z  but  examines  instead  the  ratio  of  the  slope  of  the  S(q)'1 
versus  q2  plot  at  a  given  value  of  Nc  to  the  slope  for  the  uncross  linked 
blend  (Nc=«)  an  estimate  of  the  amount  of  chain  deformation,  X,  can  be  made. 
The  values  of  X  obtained  for  the  series  2  samples  in  this  manner  are  given 
in  table  I. 


CONCLUSIONS 

SANS  has  been  used  to  study  the  thermodynamics  of  linear  PSH  chains 
in  a  crosslinked  matrix  of  PSD.  It  was  found  that  the  addition  of  an 
elastic  component  to  the  free  energy  due  the  crosslinked  PSD  caused  the 
system  to  phase  separate  at  relatively  low  crosslink  densities  (<1  mole  % 
crosslinking  agent) .  This  indicates  the  importance  of  accounting  for  the 
presence  of  a  crosslinks  on  the  compatibility  of  polymer  blends,  even  in 
miscible  systems.  Classical  Flory-Huggins  free  energy  of  mixing  combined 
with  Gaussian  rubber  elasticity  has  been  used  to  calculate  the  zero  angle 
scattering,  S(0)  and  compare  with  experiments.  The  combinatorial  entropy 
of  mixing  term  adequately  describes  the  data  for  the  samples  where  Ne  is 
held  fixed  and  the  * ength  of  the  linear  chain,  Nb ,  is  varied.  In  the 
samples  where  Nb  is  fixed  and  Nc  varied,  a  systematic  increase  in  the 
average  statistical  segment  length  is  observed,  indicating  that  one  or  both 
of  the  components  is  being  stretched  as  Nc  decreases. 


TABLE  I 

Series  1 
Nc -387 


Nb 

S(0)  . 

cm' 1 

«  A'1 

Is,/S(0)  xl0‘ 

91 

19.2 

26.3 

215 

308 

54.0 

51.1 

76.2 

422 

95.6 

62.6 

43.0 

981 

220 

93.6 

18.7 

1711 

1494 

263 

2.7 

3413' 

**** 

**** 

Sample 

with  Nb  = 

3413  was  phase 

separated. 

SERIES  2 

Nb=422 

Ne 

S(0)cm' 1 

«A'2 

slope1 

A 

k„/s(0)2  a2 

(4£/kT)/8*2elas3 

00 

79.0 

51.9 

3.37 

... 

5.2 

.... 

960 

65.9 

60.0 

3.71 

1.05 

4.3 

4.4 

475 

113 

66.3 

3.82 

1.06 

3.6 

-61 

345 

127 

93.6 

4.78 

1.19 

3.2 

-101 

260 

227 

111 

5.41 

1.27 

1.8 

*  243 

158* 

*★* 

*** 

*** 

★★★ 

*** 

Slopes  are  from  the  S(q)‘2  versus  q2  plot,  x  10** 

2  x  103 

3  x  105 

*  The  sample  with  Nc=158  was  phase  separated. 
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ABSTRACT 

Time- resolved  light  scattering  has  been  employed  to  elucidate  the 
dynamics  of  phase  segregation  of  poly- p- phenylene  terephthalamide  (PPTA) / 
amorphous  nylon  (AN)  molecular  composites.  Miscible  PPTA/AN  blends  can  be 
prepared  from  sulfuric  acid  solution  by  rapidly  coagulating  the  sclution  in 
distilled  water.  The  composites,  however,  undergo  phase  segregation  upon 
thermal  treatment  and  exhibit  a  miscibility  window  reminiscent  of  a  lower 
critical  solution  temperature  (LCST).  Several  temperature- jump  experiments 
were  undertaken  from  ambient  to  a  two- phase  temperature  region  of  240,  250 
and  260°C.  Time- evolution  of  scattering  profiles  are  analyzed  in  accordance 
with  non-linear  and  dynamical  scaling  theories. 


INTRODUCTION 

The  field  of  molecular  composites  has  gained  considerable  interest  for 
its  potential  in  structural  applications,  such  as  high  modulus  and  high 
strength  materials  [1-8].  Conceptually,  molecular  composites  are  mixtures 
of  two  dissimilar  polymers  with  vastly  different  configurations,  in  which 
the  rigid  component  is  dispersed  in  flexible  matrix  so  that  reinforcement 
takes  place  at  a  microscopic  level.  The  maximum  performance  of  the 
materials  can  be  expected  if  reinforcement  were  to  occur  at  a  molecular 
level.  It  is  difficult  to  meet  such  expectation  due  to  the  low  entropy  of 
mixing  and  high  orientability  of  rigid  component.  The  compatibility  between 
vastly  dissimilar  polymers  is  always  a  central  issue  in  multicomponent 
systems.  The  immense  difference  in  the  molecular  topology,  i.e.  one  being  a 
rigid-rod  and  the  other  component  being  a  flexible  coil,  makes  the  mixtures 
thermodynamically  unstable  [9].  However,  such  thermodynamic  tendency  for 
phase  decomposition  may  be  overcome  by  rapidly  coagulating  from  a 
homogeneous  ternary  solution  to  give  miscible  systems  [10] . 

These  homogeneous  mixtures  processed  from  solution  are  generally  in  the 
form  of  thin  films,  fibers  or  precipitates,  thus  are  of  limited  use.  For 
structural  applications,  melt  processing  is  required  to  consolidate  into  a 
desired  shape.  This  consolidation  step  involves  thermal  cycle  and  flow 
which  occasionally  lead  to  thermally  induced  phase  separation  [10-13], 

Hence,  the  understanding  of  phase  behavior  and  its  kinetics  of  phase 
decomposition  during  thermal  consolidation  is  indispensable  in  order  to  gain 
control  of  the  structure  for  improved  materials  properties  [11]. 

The  kinetics  of  thermally  induced  phase  decomposition  in 
poly- p- phenylene  benzobisoxazole  (PBZT)/nylon  66  was  first  studied  jointly 
by  the  Air  Force  Materials  Laboratory  and  us  using  time- resolved  light 
scattering  [II].  Phase  segregation  occurs  above  the  onset  of  the  melting 
temperature  of  nvlon  66  and  is  dominated  by  the  late  stages  of  spinodal 
decomposition,  the  kinetic  behavior  is  non-linear  in  character  and  follows 
power- law  kinetics  with  exponents  of  -1/3  and  1,  in  close  agreement  with  the 
prediction  of  Hinder  and  Stauffer  [14].  In  the  scaling  analysis,  the 
structure  function  exhibits  universality  with  time,  thereby  confirming 
self- similarity  of  the  system. 

As  a  complementary  study,  we  have  examined  the  phase  equilibrium  of 
poly- p- phenylene  terepnthalate  (PPTA)/  amorphous  nylon  (AN)  [12,131.  The 
cross- hydrogen  bonding  was  found  to  occur  between  amide  groups  of  PPTA  and 
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AN.  However,  it  is  not  sufficient  to  prevent  thermally  induced  phase 
separation.  The  mixture  showed  a  phase  behavior  reminiscent  of  an  LCST.  In 
the  present  study,  we  focus  our  attention  on  the  kinetic  aspects  of  phase 
decomposition  of  PPTA/AN  molecular  composites.  The  advantage  of  the  present 
system  is  that  amorphous  nylon  shows  no  crystallinity,  thereby  simplifying 
the  interpretation  of  dynamical  results.  Although  PPTA  is  strictly  not  a 
rigid- rod,  it  has  a  tendency  to  self- associate  as  a  result  of  hydrogen 
bonding  and  align  with  respect  to  each  other  due  to  its  stiff  extended 
molecular  structure.  The  presence  of  such  a  complex  PPTA  structure  may 
affect  the  dynamical  behavior  of  phase  decomposition.  Temperature  (T)-jump 
experiments  were  undertaken  from  ambient  to  a  two- phase  temperature  region. 
Time- evolution  of  scattering  curves  are  then  analyzed  according  to 
non-linear  theories  [14-17]  and  dynamical  scaling  laws  [18-21]. 


EXPERIMENTAL 

Materials 

Poly(p- phenylene  terephthalamide)  (PPTA,  Mn  ~  20,000)  was  supplied  by 
Du  Pont  Co.  in  the  form  of  quarter- inch  fiber  (Kevlar  29).  Amorphous  nylon 
used  in  this  study  was  Zytel  330  kindly  supplied  by  Du  Pont  Co.  Zytel  330 
is  a  copolymer  of  (30/70)  iso-/terephthalic  acid  and  hexamethylene  diamine 
with  a  molecular  weight  Mn  ~  14,000  and  Mw  ~  50,000.  The  solvent  used  was 
967.  sulfuric  acid  from  Fisher  Co.  The  preparation  method  of  molecular 
composites  is  thoroughly  described  in  a  previous  paper  [13]. 


Methods 

Real  time  light  scattering  experiments  were  carried  out  using  our 
static  light  scattering  set-up  described  elsewhere  [22].  The  system 
consists  of  a  2  mW  He- Ne  laser  with  a  wavelength  of  632.8  nm.  The  scattered 
intensity  was  monitored  using  two-dimensional  Vidicon  detector  (Model  1254 
It,  EC  k  G)  in  conjunction  with  a  detector  controller  (Model  1216)  and 
Optical  Multichannel  Analyzer  (OMA  III,  Model  1460).  Data  analysis,  such  as 
background  subtraction,  smoothing,  angle  calibration,  rescaling,  etc.,  was 
undertaken  on  an  off-line  computer  (IBM- PC).  Temperature  (T)-jump 
experiments  were  undertaken  from  ambient  to  240,  250,  and  260°C. 


RESULTS  AND  DISCUSSION 

In  a  previous  paper  [13],  we  have  shown  that  PPTA/AN  mixtures  revealed 
an  I.CST  with  a  minimum  around  50/50  and  at  225°C.  When  the  50/50  PPTA/AN 
was  annealed  at  240°C  for  10  min,  a  scattering  halo  developed  in  the  Vv 
(vertical  polarizer  with  vertical  analyzer)  configuration.  Interconnected 
domains  were  also  discerned  under  a  microscopic  investigation,  suggesting 
the  possibility  of  spinodal  decomposition  (SD) .  If  an  alternative  mechanism 
of  line  I  eat  ion- growth  (NG)  were  to  occur,  the  scattered  intensity  should 
mono! oni rally  decrease  from  q  =  0  without  revealing  a  maximum.  This  was  not 
the  case  here.  We  carried  out  several  T-jump  experiments  by  rapidly 
transferring  the  specimen  from  ambient  to  two- phase  temperatures.  Figure  1 
shows  a  tvptcal  t. ime- evolut ion  of  scattering  curves,  following  a  T-jump  to 
250"('.  The  scattering  maxima  first  occurs  at  relatively  low  scattering 
wavenumbers  q.  suggestive  of  large  periodic  fluctuations.  Here,  q  is 
defined  as  (1  r/A )  sin  <1/2.  where  A  and  8  are  the  wavelength  of  light  and 
scattering  angle  measured  in  the  medium,  respectively.  The  scattering  peak 
moves  'mmed int el v  to  lower  scattering  angles  with  elapsed  time  associated 
with  phase  growth.  There  is  no  period  at  which  the  scattering  peak  is 
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Fig.  1.  Time- evolution  of  scattering 
curves  for  50/50  PPTA/AN,  following 
a  T- jump  from  ambient  to  250°C. 


invariant,  indicating  the  lack  of  a  linear  SD  regime  [23]. 

The  non-linear  growth  may  be  best  explained  in  terms  of  the  dynamical 
scaling  behavior  in  the  late  stages  of  SD  [14- 21] .  This  concept  is  implicit 
in  the  cluster  diffusion- reaction  theory  of  Binder  and  Stauffer  [14]  who 
proposed  that  the  structure  factor  S(q,t)  for  an  isotropic  system  with 
dimensionality,  d,  obeys  the  scaling  law 


S(q,t)  =  {qm(t)}-d  s[q/qm(t)]  (1) 

where  s[q/qm(t)]  is  a  universal  scaled  function.  The  characteristic 
wavenumber  qm(t),  which  is  inversely  proportional  to  the  average  cluster 
size  R(t),  has  a  simple  power  law  form, 


qm(t)  ~  t (2) 

where  subscript  m  stands  for  peak  maxima.  The  kinetic  exponent  p  has  been 
predicted  to  have  various  values.  The  classical  evaporation- condensation 
model  of  Lifshift  and  Slyozov  [24]  predicted  that  a  droplet  size  grows 
according  to  the  power  law  with  exponent  p  -  1/3,  even  though  molecular 
details  were  not  considered.  Binder  and  Stauffer  [14]  postulated  p  = 

1  / (d+3)  or  l/(d+2)  in  the  intermediate  regime  (depending  on  temperature 
quenched  depth  into  unstable  region)  and  a  value  of  1/3  at  late  stages  of 
decomposition.  Furukawa  [18]  also  predicted  the  same  formulae,  p  =  1 / (d+3) 
and  1 / (d+2) ,  for  surface  and  bulk  mobilities,  respectively,  in  the 
asymptotic  behavior  of  the  kinetic  equation.  On  the  basis  of  non-linear 
statistical  considerations,  Langer,  Bar-on  and  Miller  [15]  obtained  p  ~ 

0.21.  The  change  of  exponent  from  0.2  to  0.28  was  revealed  in  the 
simulation  work  of  Marro  et  al.  [16].  According  to  Siggia  [171, 
hydrodynamic  flow  plays  a  crucial  role  in  the  coalescence  of  tne  growing 
domains  in  which  the  materials  have  to  be  squeezed  out  through 
interconnected  channels,  lie  estimated  a  value  of  1/3  in  the  intermediate 
stage  and  1  at  late  stages  of  SD.  It  appears  that  different  mechanisms 
operate  at  different  stages  of  decomposition,  thus  the  power  law  is  not 
expected  to  hold  over  the  entire  range  of  SD. 

In  Figure  2,  are  shown  the  plots  of  loq  qm(t)  versus  log  t  for  various 
T- jumps  at  240,  250,  and  260°C.  The  slopes  were  close  to  -1,  in  good 
agreement  with  the  prediction  of  Siggia[17]  for  the  coarsening  driven  by 
surface  tension.  As  the  T-jump  temperatures  were  considerably  high,  the 
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Fig.  2.  Log- log  plots  of  maximum 
wavenumber  q„  versus  phase  separation 
time  t  for  50/50  PPTA/AN  at  various 
temperatures. 


Fig.  4.  Log- log  plots  of  scattered 
intensity  against  scattering  wavenumber 
for  50/50  PPTA/AN  at  250»C. 
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liquid- liquid  phase  decomposition  occurs  very  rapidly,  thereby  missing  the 
early  and  intermediate  stages  of  SD.  At  a  later  time,  the  slope  changes  to 
a  smaller  value  due  to  the  pinning  effect.  Wide-angle  x-ray  diffraction 
studies  reveal  the  presence  of  small  amount  of  disordered  PPTA  crystals  in 
the  blends.  This  mesophase  structure  may  be  anchored  during  rapid 
coagulation.  If  the  amount  of  PPTA  crystal  were  large,  the  diffusion 
process  during  phase  growth  may  be  reminiscent  of  a  liquid- sol  id  type.  For 
such  a  case,  Furukawa  [21]  predicted  f  =  1/2,  in  which  solid- liquid 
interphase  mobility  is  dominant.  Our  experiment  was  not  long  enough  in 
duration  to  discriminate  the  exact  pinning  mechanism. 

In  order  to  test  with  the  scaling  theory  [18]  we  calculated  the  scaled 
structure  function  s (q/qm)  for  a  three-dimensional  case  as  follow; 

s(q/qm)  =  {qm(t)}3  S(q,t)  (3) 

where  the  normalized  structure  factor  S(q,t)  is  defined  as 

S(q,t)  ~  I(q,t)/j  I(q.t)q2dq  (4) 

The  denominator  or  the  invariant  function  will  be  constant  in  the  late 
stages  of  SD  where  the  mean- square  fluctuations  of  refractive  indices 
reaches  a  limiting  value.  In  such  cases,  normalization  is  not  necessary. 
Figure  3  shows  the  plots  of  I(q,t)qm3 (t)  against  q/qm  for  various  times. 

The  good  superposition  of  the  scattering  curves  suggests  that  the  structure 
function  is  universal  with  time.  The  self- similarity  behavior  appears  the 
same  for  all  T- jumps  studied  here. 

The  shape  of  the  scaled  function  is  important,  as  it  is  associated  with 
the  correlation  between  clusters  and  their  shapes.  Furukawa  [19]  proposed 
that  the  shape  of  structure  function  can  be  scaled  with  x  =  qR,  i.e., 

s(x)  ~  x2/[r/2  +  x2*7]  (5) 

where  ^  is  related  to  dimensionality  d  as  follows; 

d+1  for  off- critical  mixtures 
7  = 

2d  for  a  critical  mixture 

For  three-dimensional  growth,  i.e.,  d=3,  the  asymptotic  form  of  s(x)  is 
x2  at  q<qm  and  x  4  at  q>qm  for  off- critical  mixtures.  In  the  case  of 
critical  mixtures,  an  x'6  dependence  has  been  suggested  at  q>qm[21].  As  can 
be  seen  in  Figure  4,  the  slope  of  -3  was  obtainea  at  q>qm,  which  is  lower 
than  that  predicted  for  three-dimensional  growth.  We  have  to  admit  that  our 
results  cover  only  limited  q  range.  Moreover,  the  initial  fluctuation  size 
is  very  large,  i.e.  q  varies  from  about  1  to  0.3  pm-1  which  corresponds  to  a 
periodic  domain  size  of  approximately  6  to  15  pm.  Since  the  film  thickness 
is  about  10  pm,  it  is  conceivable,  although  by  no  means  conclusive,  that  the 
growth  may  be  two-dimensional  rather  than  three-dimensional,  which  would 
give  a  slope  of  -3  for  off-critical  mixtures.  The  slope  at  q<qm  is  close  to 
the  predicted  value  of  2.  The  effect  of  PPTA  crystallization  on  the 
scattering  profiles  during  phase  growth  should  not  be  ruled  out  in 
explaining  the  behavior  of  asymptotic  scaled  structure  function. 


CONCLUSIONS 

We  have  demonstrated  that  phase  decomposition  in  PPTA/AN  molecular 
composites  appears  to  be  dominated  by  late  stages  of  SD.  The  surface 
mobility  of  PPTA  mesophase  appears  to  play  a  crucial  role  in  the  kinetics  of 
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phase  growth.  The  structure  function  exhibits  universality  with  time, 
suggesting  self- similarity.  The  asymptotic  behavior  of  the  scaled  structure 
function  suggests  that  the  growth  process  may  be  two-dimensional  because  of 
thin  specimens. 
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FACTORS  INFLUENCING  PROPERTIES  OF  SAN/PMMA  BLENDS 
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ABSTRACT 

The  versatility  of  polymeric  blends  Is  reflected  In  the  range  of 
usable  end  properties  that  can  be  achieved  through  alterations  In  the 
composition  and/or  effective  control  of  the  morphologies  of  the  mixtures. 
Solvent  cast  and  melt  mixed  blends  of  SAN  and  PMMA  have  been  studied  to 
understand  the  Influence  of  PMMA  tactlclty  and  the  acrylonitrile  content 
of  the  SAN  copolymer  on  their  phase  behavior.  The  results  show  a  shifting 
of  the  cloud  point  curves  and  the  miscibility  windows  for  the  blends  of 
SAN  with  different  stereo-regular  PMMAs .  This  Is  Interpreted  as  being  due 
to  specific  Interactions  between  the  acrylonitrile  and  methacrylate 
groups.  The  'goodness'  of  mixing  In  the  melt  mixed  blends  were  determined 
by  FTIR  ATR  spectroscopy.  The  effects  of  the  processing  conditions  on  the 
mixing  characteristics  and  subsequent  Improvement  In  mechanical  properties 
are  discussed.  The  limits  of  mixing  that  can  be  achieved  using  standard 
mixing  procedures  and  their  role  In  affecting  the  end  use  properties  such 
as  the  flexural  strength  will  also  be  discussed. 


INTRODUCTION 

Miscibility  In  multicomponent  polymeric  systems  Is  not  always 
desirable;  but  gross  phase  separation  Invariably  leads  to  Inferior 
properties.  As  In  block  copolymers,  controlled  chemical  structure  and 
microphase  heterogeneity  In  polyblends  often  lead  to  superior  mechanical 
properties  and  Improved  processability  [1-7].  Such  Intricate  phase 
morphology  can  be  obtained  upon  phase  demlxlng  (separation)  of  a 
homogeneous  blend  via  a  splnodal  mechanism,  which  would  result  In  phase 
domains  approaching  molecular  dimensions  (~  102A°>  and  the  phase  separated 
blend  would  behave  like  a  self-assembled  composite  C8 J . 

It  has  been  known  for  quite  sometime  now  that  polymethylmethacrylate 
(PMMA)  forms  miscible  blends  with  the  copolymer,  styrene  acrylonitrile 
(SAN)  over  a  limited  range  of  acrylonitrile  (AN)  content  [91.  This 
'miscibility  window'  has  been  explained  by  Paul  and  Barlow  [10]  and 
others  [11,12]  as  resulting  from  a  dilution  of  the  unfavorable 
Interactions  among  the  various  segments,  leading  to  a  net  negative 
contribution  to  the  free  energy  of  mixing,  AG. 

The  SAN/PMMA  system  has  been  widely  studied  for  phase  behaviour  by 
many  researchers  [9-12].  However,  the  Investigations  have  been  limited  to 
blending  SAN  (with  varying  amounts  of  AN)  with  commercial,  heterotactic 
PMMA  (h-PMMA)  and  other  higher  order  methacrylates  [13].  The  Influence  of 
PMMA  tactlclty  on  the  phase  behavior  of  this  system  has  not  been 
Investigated.  Isotactic,  syndlotactlc  and  heterotactic  forms  of  PMMA 
exhibit  large  differences  In  Tg  and  other  physical  properties  [14.15]. 
Thus,  It  Is  reasonable  to  expect  these  different  PMMAs  to  behave 
differently  when  blended  with  SAN.  Based  on  this  consideration,  a 
systematic  study  of  the  effects  of  PMMA  tactlclty  on  phase  behavior, 
processing  and  mechanical  properties  of  the  blends  was  undertaken. 
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EXPERIMENTAL 


a.  Materials: 

The  polymers  used  In  this  study  are  described  In  Table  1.  The  SAN 
and  h-PMMA  materials  were  obtained  from  Dow  Chemical  Company  < Tyr 1 1 ~>  and 
Rohm  and  Haas  Company  (Plexiglass”)  respectively.  The  Isotactic  PMMA 
(l-PMMA)  was  produced  In-house  by  anionic  techniques  and  the  syndlotactlc 
material  (s-PMMA)  was  an  experimental  material  obtained  from  Rohm  and  Haas. 

Table  I 

— — - | 


POLYMERS  USB)  M  THIS  STUDY 


Tj[*C) 

SAN1 

30 

111*0 

50.6 

■ 

SAN2 

25 

112*0 

44 

m 

- 

SAN3 

49.3 

23 

- 

SANA 

10.4 

103-8 

47.4 

QQ 

- 

h-PMMA 

- 

110-6 

25.2 

1-6 

14 

41 

45  1 

i-PMMA 

59  -0 

41.0 

E3 

13 

4  1 

S-PMMA 

I 

131-5 

110.0 

ID 

JL 

26 

71  1 

•ThM  Anuyia  By  'M  NMD  --OPC  Analyto  Dung  PMMA  Standard! 


b.  Sample  Preparation  for  Light  Scattering: 

The  samples  for  determining  the  phase  boundaries  In  the  SAN /PMMA 
systems  were  prepared  by  solution  casting  from  1,2  dlchloroethane  (DCE) 
using  procedures  described  In  the  literature  [13].  Optical  cloud  points 
were  determined  using  a  standard  laser  light  scattering  apparatus.  The 
morphologies  In  this  system  were  Identified  using  phase  contrast  optical 
microscopy. 


c.  MelLMIxlng: 

Laboratory  scale  mixing  of  the  two  polymers  was  performed  to  assess 
the  effect  of  mixing  on  the  end  use  properties  of  the  binary  blend. 
Blends  of  SAN  (301  AN)  with  h-PMMA  were  prepared  by  four  different 
techniques.  To  facilitate  blending,  the  materials  were  first  ground  to  a 
uniform  particle  size  In  a  Condux  grinder  and  dried  overnight  In  a 
convection  air  oven  at  100°C.  Appropriate  amounts  of  the  samples  were 
then  melt  mixed  using  the  following: 

1.  Haake  Single  Screw  Extruder 

2.  An  In-house  built  Flber/Fllm  Processor  with  Static  Mixer. 

3.  Haake-Buhler  Rheocord  System  40 

4.  Physical  mixing  using  a  blender,  followed  by  compression  molding. 


d.  Mechanical  Properties: 

Tensile  stress-strain  and  3-polnt  flexural  measurements  were  carried 
out  on  an  Instron  Model  1122  under  a  constant  crosshead  speed  of  0.05"/mln 
(1.27  mm/mln).  The  flexural  measurements  were  done  as  per  specifications 
given  In  ASTM  D790. 


e.  Estimation  of  'Goodness  of  Mixing': 


The  extent  of  mixing  between  SAN  and  PMMA  upon  blending  by  the  above 
methods  was  followed  by  optical  phase  contrast  mlscroscopy  and  comparison 
of  FTIR  spectra  obtained  from  different  sections  of  the  samples. 
Generally  speaking,  a  well  mixed  blend  would  show  no  streaks  or  Islands 
when  viewed  under  the  microscope,  and  the  FTIR  of  different  sections  of 
such  a  sample  should  be  Identical. 


RESULTS  ANO  DISCUSSION 


a.  Phase  Behavior  of  SAN /PMMA  Blends: 

SAN1  (Table  I)  formed  miscible  blends  with  hetero  and  syndlotactlc 
PMMA  over  the  entire  range  of  composition.  The  1-PMMA  was  Immiscible  with 
the  SAN1  and  so  solution  cast  blends  were  prepared  using  SAN2.  The  dried 
films  were  all  optically  clear  and  exhibited  a  single  T_  by  DSC,  The 
results  are  shown  In  Figure  1.  The  calculated  lines  wereyobta1ned  using 
the  Gordon-Taylor  equation: 

Tg  -  <WA  TqA  +  <  WB  t9r>  '  +  K  WB>  <>> 

where  MA  and  Hg  are  weight  fraction  of  component  A  and  B,  and  the 
value  of  K  was  taken  as  equal  to  I  [16].  As  can  be  seen  from  the  figure, 
the  experimental  results  fit  quite  satisfactorily  to  the  theoretical  line, 
for  the  SAN/1-PMMA  and  SAN/h-PMMA  systems.  More  scatter  Is  evident  for 
the  SAN/ s-PMMA  system. 


Figure  1.  Glass  transition 
temperatures  of  melt  mixed 
blends  obtained  by  DSC.  The 
calculated  lines  were  obtained 
using  the  Gordon-Taylor 
equation  [16]. 


The  phase  boundaries  In  these  SAN/PMMA  systems  were  determined  by 
locating  the  cloud  points  using  the  light  scattering  setup.  The  cloud 
points  were  measured  by  the  detection  of  a  sudden  jump  In  the  Intensity  of 
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the  scattering  profiles  and  the  corresponding  temperatures  were  plotted  as 
a  function  of  composition,  thus  generating  the  cloud  point  curves  <CPC). 
The  system  forms  a  well  modulated,  two  phase  structure  above  the  cloud 
point,  similar  to  those  discussed  In  the  literature  for  other  polymer 
pairs  [17]. 


b.  Effect  of  PHHA.JactlcIty: 

All  the  three  types  of  PMMA  form  miscible  blends  with  SAN  and  exhibit 
LCST  type  behavior.  Figure  2  Is  a  plot  of  CPCs  obtained  at  a  heating  rate 
of  2°C/m1n  for  the  hetero,  syndlo  and  Isotactic  PMMA  blended  with  SAN  and 
shows  clearly  the  effects  of  tact  1 c 1 ty  on  the  phase  behavior.  The  hetero 
and  syndlotactlc  blends  behave  similarly,  whereas  the  tsotactlc  blend 
shows  a  minimum  In  Its  CPC  at  higher  SAN  compositions. 


Figure  2.  Cloud  point  curves 
of  blends  of  SAN  with 
tsotactlc,  syndlotactlc  and 
heterotactic  PMMAs .  sani  was 
used  to  blend  with  s-PMMA  and 
h-PMMA;  SANZ  was  used  for 
blending  with  1-PMMA. 


Blends  of  SANI  through  SAN4  with  the  three  types  of  PMMA  were  also 
prepared  and  analyzed  for  their  phase  behaviour.  The  results,  for  50/50 
blends  by  weight  of  SAN/PMMA  are  given  In  Table  II.  It  Is  clear  that  In 


Table  II 


TACTICJTY  EFFECTS 

Composition:  50/50 

CLOUD  POINT  (•Cl* 

%  AN 

SAM/tvPMMA 

SAN/hPMUA 

SAN/s-PMMA 

30 

192 

Immiscible 

210 

25 

>300  or 
bSCORIpOMlOn 

199 

232 

20 

>300  or 
Deoompouoon 

>300  or 
DscompoMioii 

240 

10.4  Immiscible 

*  HMtinQ  Raia  2*C/Mm. 

Immiscible 

>300  or 
Dscompesmon 
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this  system,  the  miscibility  window  Is  the  largest  for  s-PMMA  and  Is  the 
smallest  for  1-PMMA.  He  have  estimated  the  Individual  Interaction 
parameters  for  the  SAN/1 -PMMA  and  SAN/h-PMMA  systems  from  the  phase 
boundary  data  using  the  procedures  of  Krammer  and  Kressler  C 183.  The 
results  Indicate  enhanced  Interaction  between  the  AN  and  methacrylate 
groups  for  the  1-PMMA  blends  compared  to  the  h-PMMA  blends  < ” 
0.085  and  0.07  respectively).  The  reduced  width  of  the  miscibility  window 
for  the  SAN/1-PMMA  could  be  related  to  this  enhanced  Interaction. 


c.  Processing.  Morphology  and  Mechanical  Properties: 

The  pure  components,  h-PMMA,  SAN  (30%  AN)  and  a  50/50  mixture  of  the 
two  polymers  were  extruded  using  a  Haake  Single  Screw  Extruder  with  a  slit 
die.  The  pure  components  gave  optically  clear  (1cm  x  .1cm)  strips.  The 
blends,  however,  all  appeared  to  be  turbid  at  the  surface.  Cross  sections 
of  the  extruded  strips  showed  a  clear  Inner  core,  with  opacity  Increasing 
toward  the  outer  regions.  figure  3  Is  a  phase  contrast  optical 
photomicrograph  of  a  mlcrotomed  cross-section  of  the  extrudate  and  shows 
areas  of  Incomplete  mixing.  To  further  confirm  this  state  of  Incomplete 
mixing,  FTIR  spectra  were  obtained  on  various  areas  of  these  mlcrotomed 
(15ym)  samples.  The  spectra  obtained  from  an  area  near  the  core  appeared 
to  be  uniform.  Analysis  showed  It  to  be  essentially  a  50/50  mixture  of  SAN 
and  PMMA.  The  spectra  obtained  from  an  area  near  the  skin  that  appears  to 
be  an  Inclusion  showed  PMMA  to  be  the  dominant  component  In  this  outer 
area.  Outer  areas  show  various  combinations  of  SAN  and  PMMA,  Indicating 
Incomplete  mixing. 


Figure  3.  Optical  phase 
contrast  photomicrograph 
of  a  15  ym  thick  cross- 
section  of  50/50 
SAN1 /h-PMMA  extrudate. 

The  uniform  dark  areas  are 
regions  of  good  mixing. 
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To  Improve  the  mixing,  two  additional  techniques  were  used.  In  the 
first  attempt,  about  30g  of  the  two  polymers  were  mixed  In  the  Haake 
Buehler  Rheocord  System  40.  The  conditions  that  were  varied  Included  time 
of  mixing,  and  mixing  speed.  The  mixed  samples  were  then  molded  at 
various  temperatures  and  then  subjected  to  flexural  measurements  (Table 
III).  The  flexural  strength  Increased  with  molding  temperature. 


Table  III 


The  polymers  were  also  melt  blended  using  the  Flber/FIlm  Processor  with 
static  mixer  and  a  coat-hanger  die.  The  extruded  films  were  all  optically 
clear  with  no  Indication  of  phase  separation.  The  samples  were  also 
analyzed  for  compositional  homogeneity  by  FTIR  and  'H  NMR.  The  results, 
shown  In  Table  IV,  Indicate  that  good  mixing  was  obtained  using  this 
technique.  In  the  case  of  FTIR  ATR  the  ratio  of  the  absorbance  of  the  C-0 
peak  at  1150  cm-1  (due  to  PMMA)  to  that  of  the  aromatic  at  760  cm"'  (due 
to  SAN)  Is  a  constant  for  various  regions  of  the  sample.  Indicating 
compositional  homogeneity. 


Table  IV 


COMPOSITIONAL  ANALYSIS  OF 
EXTRUDED  SAMPLES 
-  STATIC  MIXER 


SAMPLE 
SAN/PM  MA 

AREA 

BESS” 

sHfcasl 

vn  %* 

(50/50) 

1 

1.62 

49.2 

50.8 

(50/50) 

2 

1.62 

53.2 

46.8 

(30/70) 

1 

0.52 

26.6 

71.4 

(30/70) 

2 

0.67 

30.0 

70.0 

•'HNMfl 


The  samples  were  also  directly  compression  molded  In  a  vacuum  press. 
The  appropriately  weighed  mixtures  were  molded  at  180°,  reground  and  then 
remolded  In  a  vacuum  press  at  various  temperatures.  They  were  then 
analyzed  for  their  flexural  properties  and  compositional  homogeneity.  The 
results  of  the  flexural  measurements  are  shown  In  Figure  4.  The  solid 
line  In  the  center  of  the  figure  Is  based  on  simple  additivity  rule  for 
binary  mixtures.  The  figure  clearly  shows  an  Improvement  In  the 
properties  when  molded  at  250°C.  At  this  temperature,  an  Interconnected 
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morphology  Is  visible  under  the  microscope.  The  samples  molded  at  200°C 
showed  Insufficient  mixing  as  determined  by  FUR .  This  Is  reflected  In 
the  data  points  falling  quite  close  to  the  calculated  line.  The  samples 
molded  at  275°C,  show  both  phase  separation  and  the  onset  of  sample 
degradation  as  evidenced  by  the  appearance  of  slight  brownish  tinge  In  the 
sample . 


Figure  4.  Flexural  strengths 
(ASTM  D790)  of  SANl/h-PMMA  dry 
blended  and  compression  molded 
at  various  points  In  the  <T,$) 
phase  diagram.  Measurements 
were  performed  at  23°C  and  501 
humidity. 


Table  V  compares  the  flexural  strength  of  blends  obtained  by  the 
different  techniques.  The  results  Indicate  that  the  Rheocord  40  gave  the 
best  combination  of  good  mixing  and  Improved  flexural  strength.  But  the 
technique  cannot  be  operated  continuously  like  an  extruder.  It  Is, 
however,  a  very  useful  tool  for  exploratory  mixing  studies.  The  physical 
blending  did  not  yield  extremely  well  mixed  samples.  Nevertheless,  the 
Improvement  In  the  mechanical  properties  shows  that  extreme ly  Intricate 
level  of  mixing  may  not  be  necessary  for  reinforcement,  If  the 
morphological  contributions  can  be  controlled  [19]. 

Table  V 


PROCESSING  TECHNIQUE 
vs.  FLEXURAL  STRENGTH 

Sample:  50/50  SAN/h-PMMA 
Proceesing/Molding  Tamp.:  250* C 


PROCESSING  TECHNIQUE 

FLEXURAL 

STRENGTH 

(MPa) 

MIXING 

characteristics 

Extruder  (Single  Screw) 

90.72 

Average 

Static  Mixer 

87.01 

Good 

Rheocord  40 

96.  S3 

Good 

Compression  Molding 

90.12 

Poor 
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CONCLUSIONS 

The  PMMA  tactlclty  Influences  the  phase  behavior  of  blends  with  SAN 
by  altering  the  windows  of  miscibility.  The  blends  of  SAN  with  s-PMMA  has 
the  widest  miscibility  window  while  the  SAN/1-PMMA  has  the  narrowest  for 
the  three  Isomers.  The  minimum  In  the  CPC  for  the  1-PMMA  blends  occurs  at 
higher  SAN  compositions  compared  to  the  h-PMMA  and  s-PMMA  blends. 

FTIR  ATR  spectroscopy  is  a  convenient  way  to  determine  the 
effectiveness  of  mixing  In  binary  blends.  Blending  using  the  Rheocord 
System  40  followed  by  compression  molding  gives  the  best  combination  of 
adequate  degree  of  mixing  and  Improved  flexural  strength.  However,  the 
various  techniques  used  for  melt  mixing  left  a  complex  history  of  shear, 
elongation,  compression  and  spatial  distribution  on  the  multiphase  melt  of 
the  polyblends.  Hence  the  properties  reported  here  could  very  well  be  a 
'compromised'  average. 
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Dielectric  Studies  of  Polyester/Polyoarbonate  Blends 

James  M.  O'Reilly  and  Joseph  S.  Sedita,  Eastman  Kodak  Company, 
Corporate  Research  Laboratories,  Rochester,  NY  14650-2110 


Abstraot : 

Dieleotrio  and  enthalpio  relaxation  times  have  been  measured 
as  a  funotion  of  composition  and  temperature.  A  fractional  ex¬ 
ponential  (W-W)  distribution  of  relaxation  times  fits  both  the 
dieleotrio  and  enthalpio  relaxation  times  with  different  valu¬ 
es  which  are  a  funotion  of  composition.  Free  volume  parameters 
calculated  using  the  WLF  equation  are  not  simple  functions  of 
the  composition.  Concentration  fluctuations  are  considered  to 
be  important  in  these  phenomena. 

Introduction: 

There  is  widespread  interest  in  polymer  blends  whioh  offer  the 
opportunity  to  obtain  improved  properties  at  lower  oost .  The 
class  of  miscible  and  immiscible  polyester/polyoarbonate  blends 
have  been  extensively  studied  {1}  and  reviewed  (2).  CopolyeB- 
ters  of  ethylene  glycol  (EG)  and  cyclohexanedimethanol(CHDM) 
and  terphthalio  acid  (T)  and  bisphenol  A  polycarbonate (PC) 
blends  were  studied  by  Paul  and  co-workers  {3-6}.  These  blends 
were  miscible  under  most  conditions  but  beoause  of  high  temn- 
eratures,  250C  and  higher  required  for  melt  blending,  trans- 
esterification  of  the  polymers  may  contribute  to  the  miscibil¬ 
ity.  PET  is  not  mlsolble  with  PC  in  the  absence  of  transester- 
lflcatlon.  CHDMT  is  reported  to  be  mlsolble  with  pc  by  Paul(7) 
We  will  report  dielectric  and  thermal  properties  of  a20/80 
mole%  copolymer  of  EG/CHDM/T  blended  in  an  extruder  wlthvarl- 
ous  amounts  of  PC.  The  temperature  dependence  of  the  dielectric 
and  thermal  relaxation  times  will  be  analyzed  in  termsof  the 
free  volume  models  of  relaxation. 

Experimental : 

Merlon  M40  PC  used  in  these  studies  has  Mw-31,000  and  Tg  is 
140C .  The  oopolyester  EG/CHDM  20/80  terphthalate  is  a  commerc¬ 
ial  product  of  Eastman  Chemicals  and  has  Mw-39,000  and  Tg  is 
85C.  The  blends  were  melt  extruded  at  2B5C  and  films  were  mol 
ded  in  compression  at  293C.  DSC  measurements  were  made  using  a 
DSC  II.  Dieleotrio  measurements  were  made  using  a  DETA  appara¬ 
tus  from  Polymer  Labs  over  a  temperature  range  of  -100  to  200 
C  and  from  1  to  100  kHz.  Only  tang  measurements  are  reported 
here  beoause  they  show  all  the  Interesting  behavior  and  are 
the  most  aoourate. 

Dieleotrio  Results: 

A  beta  relaxation  process  is  observed  in  both  the  polyester 
(Tmax  —IOC)  and  polycarbonate  homopolymers  (Tmax  -  -50C).  The 
beta  process  of  the  blends  appears  to  be  an  average  of  the  two 
pure  component  losses  and  little  additional  information  is 
discernible  from  these  measurements.  In  the  Tg  region  (alpha 
relaxation)  a  single  narrow  peak  is  observed  for  eaoh  blend 
and  Indicates  that  the  blends  are  miscible  (Fig.  1.)  For  the 
pure  polyester,  an  additional  peak  is  observed  at  high  tempera¬ 
ture  vhloh  is  attributed  to  reorystalllzatlon  of  the  polyester 


Mat.  Rat.  Soc.  Symp.  Proc.  Vol.  171.  '  1990  Materials  Research  Society 


226 


and  leads  to  an  alpha'  loss  characteristic  of  semi-orystalllne 
polymers.  The  intensity  of  the  loss  peak  is  not  a  linear  funct¬ 
ion  of  the  composition.  This  may  be  due  to  an  anti-parallel 
dipole-dipole  interaction  leading  to  a  lower  effective  dipole 
moment . 

These  data  oan  be  presented  as  Tmax  (temperature  of  maximum 
loss  for  different  frequencies)  as  a  function  composition  in 
Fig.  2.  It  is  apparent  that  the  Tmax  of  dielectric  loss  is  a 
different  function  of  composition  than  is  the  Tg  determined 
from  DSC  measurements.  This  result  was  initially  surprising 
beoause  free  volume  considerations  would  suggest  linear  behav¬ 
ior.  Another  representation  of  the  frequency,  temperature,  and 
composition  dependence  of  the  dieleotrio  loss  at  Tg  is  shown 
in  Fig.  3.  In  this  form  it  can  be  readily  seen  that  the  slopes 
of  the  frequency  vs  temperature  curves  (i.e.  activation  energy 
or  WLF  parameters  vary  systematically  with  composition.  The 
precision  of  the  data  is  well  represented  in  this  ourve.  Repr¬ 
oducibility  of  the  temperature  is  better  than  one  degree,  the 
composition  is  known  to  within  a  few  percent  and  the  error  in 
the  frequency  is  negligible  compared  to  the  other  variables. 
These  data  oan  be  fitted  with  a  VLF/VTF  equation  to  obtain  the 
parameters  Cl  and  C2  for  different  compositions. 

log  f (T)  -  log  f (Tg)  -Cl* (T-Tg)  -  A 

ca+C-’-Tg)  T-To  (1) 

The  solid  line  in  Fig.  3  is  a  non-linear  regression  fit  of  the 
data  and  the  oaloulated  values  of  Cl,  C2,  and  log  f(Tg)  are 
listed  in  Table  1.  Tg  was  taken  as  the  onset  temperature  from 
the  DSC  measurements  at  20  deg/mln. 


Table  I 

Dieleotrio  Relaxation  Parameters 


%PC 

Cl 

C2 

lOgfm(Tg) 

afxlO 

/* 

0 

10.7 

39 

.35 

.040 

10 

.89 

20 

13.7 

27 

-1.8 

.032 

12 

.84 

BO 

13.3 

84 

.20 

.032 

6.0 

.61 

60 

14.7 

B2 

.32 

.030 

8.7 

.43 

60 

13.3 

63 

1.34 

.033 

8.1 

.  B1 

100 

11.3 

48 

2.4 

.038 

8.0 

.80 

Many  polymers  and  other  materials  oan  be  described  by  the 
Mllllams-Watts  distribution  funotion  for  the  alpha  and  beta 
relaxation.  Me  used  the  M-M  funotion  to  fit  the  alpha  relaxat¬ 
ion  of  the  blends  as  shown  in  Fig.  4.  In  order  to  oover  a  wide 
reduoed  frequency  range,  the  temperature  data  are  converted  to 
reduoed  frequency  using  eq.  1  {8).  Values  of /9  oaloulated  for 
a  frequency  of  1kHz.  are  inoluded  in  Table  I.  Data  at  higher 
frequencies  give  slightly  lower  values  of /$  which  indicates 
that  the  distribution  broadens  with  temperature. 

DSC  Results: 

The  thermal  behavior  of  these  polymer  blends  reflects  the  lon¬ 
ger  relaxation  times  associated  with  conformational  ohanges 
and  intermoleoular  energy  ohanges  at  Tg.  Tg  ohanges  with  heat¬ 
ing  rate  as  shown  in  Fig.  S.  and  the  aotivatlon  energies,  Ha, 
oaloulated  from  the  Arrhenius  equation  are  listed  in  Table  II. 
The  derived  Ha  show  a  maximum  at  high  polyoarbonate  concentra¬ 
tions  but  this  maximum  should  not  be  given  much  emphasis  beoa- 
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use  Ha  of  PC  is  low  and  the  precision  of  the  Ha  is  about  +20%. 
The  heating  rate  results  for  the  20%  and  100%  PC  samples 
appear  to  give  low  Ha's  and  the  experiments  were  repeated  for 
the  PC  sample  with  similar  results.  Nevertheless  Ha  ohanges 
with  PC  oonoentratlon.  We  have  applied  the  widely  used  method 
of  enthalpy  relaxation  to  these  blends.  Since  the  analysis  is 
fully  described  {9,10}  only  the  essentials  will  be  repeated 
here.  The  parameters  in  addition  to  Ha,  needed  to  characterize 
the  relaxation  are  the  breadth  of  the  distribution  of  relaxat¬ 
ion  times  and  the  structure  dependence  of  the  relaxation  times 
whioh  is  proportional  to  {1-X}.  A  characteristic  relaxation 
time,  to,  is  also  necessary.  The  eq.2. 


In  T  ~  In  To  +  XHa+  { l-X}Ha  (2) 

RT  RTf 

is  used  to  analyze  the  data.  Tf  is  the  fictive  temperature. 

A  characteristic  of  polymer  blends  is  that  the  annealing  peak 
associated  with  aging  is  smaller  or  broaden  with  blending  as 
shown  in  Fig.  6.  Only  the  short  time  aging  behavior  is  report¬ 
ed  here  because  a  shortcoming  of  this  model  is  that  the  parme- 
ters  X  and /Z  ohange  with  long  annealing  times  {11}.  Values  of 
X  and/?  derived  from  non-linear  regression  fits  of  the  Cp  cur¬ 
ves  of  aged  samples  vary  with  composition  and  are  listed  in 
Tablell.  An  Interesting  feature  of  these  data  is  the  that  the 
distribution  of  relaxation  times  are  narrower  and  more  compos¬ 
ition  dependent  for  enthalpy  relaxation  than  for  dipolar  rel¬ 
axation  (Fig.  7.).  The  changes  in  Ha  with  composition  may 
influence  the  calculated  values  of/^  .  Nevertheless  the  dielec¬ 
tric/?'  s  clearly  show  that  Ha  Increases  with  PC  concentration 
and  this  effect  dlreotly  or  indirectly  leads  to  the  changes  in 
the  enthalpies 's. 


Enthalplc  Relaxation  Parameters 
%PC  Ha  kJ/mol  X 

0  107  .68  .74 

20  100  .71  .83 

50  153  .45  .84 

60  148  .51  .74 

80  188  .41  .80 

100  107  .74  1.04 


Discussion: 

The  dleleotrio  and  enthalplc  ~T~'  e  can  be  combined  and  analyzed 
as  shown  in  Fig. 8.  The  dleleotrio T' s  are  referenced  to  the  Tg 
at  20  deg. /min  and  then  the  Tg ' s  at  other  heating  rates  are 
shifted  relative  to  the  20  deg. /min  value.  These  data  were  then 
re-analyzed  using  the  WLF/VTF  equation  and  the  values  were  not 
statistically  different  from  the  values  in  Table  I  except  for 
the  20  and  100%  PC.  In  terms  of  the  free  volume  models  fg  sho¬ 
uld  be  a  constant  at  Tg.  In  these  blends  it  appears  that  fg 
decreases  and  shows  a  shallow  minimum  with  composition.  We  ex- 
peoted  af  to  show  a  monotonlo  behavior  with  composition  but  it 
fluctuates  with  composition.  Beoause  of  the  limited  frequency 
range  and  experimental  uncertainties  we  do  not  want  to  specul¬ 
ate  about  the  fluctuations  in  af.  However  the  ohanges  in  fg 
are  real  and  could  be  associated  with  negative  volume  ohanges 
on  mixing  the  blends  {12}.  Although  the  density  ohanges  on 
mixing  are  usually  less  than  1%  the  changes  in  fg  are  larger 
than  this  and  reflect  larger  change  in  relaxation  volume  on 
mixing.  In  addition  the  dleleotrio  relaxation  time  at  Tg 
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varies  with  composition  and  this  oould  be  related  to  the  chan¬ 
ges  in  fg.  Since  the  distribution  parameters  are  different  and 
have  different  dependences  on  composition,  it  is  dear  that  the 
oonoentration  fluctuations  on  a  molecular  level  affeot 
properties  in  different  ways. 

We  have  learned  from  this  study  and  related  researoh  that  the 
relazational  and  time-dependent  properties  of  polymer  blends 
are  not  simple  monotonlo  functions  of  their  compositions  as 
might  be  Inferred  from  the  glass  transition  behavior.  These 
phenomena  are  probably  related  to  oonoentration  fluctuations 
in  these  blends  vhioh  are  intimately  related  to  the  thermo- 
dynamio  interactions  between  blend  components. 

Acknowledgments:  We  thank  Dr.  Robert  W.  Seymour  of  Eastman 
Chemioals  Researoh  Laboratories  for  the  samples  of  these 
blends  and  discussions  on  regarding  them. 
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ABSTRACT 


We  have  studied  the  phase  compatibility  of  simultaneous  interpenetrating 
polymer  networks  poly  (2,6-dimethyl-l,4-phenylene  oxide)  with  a  number  of 
other  polymer  networks  as  a  function  of  their  solubility  parameters.  Even 
when  the  blends  of  the  corresponding  linear  chain  polymers  are  Immiscible 
their  interpenetrating  polymer  networks  can  be  miscible  in  all  proportions. 

We  have  also  prepared  the  corresponding  pseudo  (or  semi)  Interpenetrating 
polymer  networks  where  one  component  is  linear  and  in  one  system  the 
polymeric  catenanes.  All  these  systems  generally  show  microphase  separation. 


1 .  Introduction 


Interpenetrating  polymer  networks  (IPN's)  are  intimate  mixtures  of  two 
or  more  crossllnked  polymers,  held  together  predominantly  by  permanent 
entanglements  (1,2).  IPN’s  can  be  prepared  sequentially,  i.e.  by  swelling 
one  formed  crossllnked  network  by  the  monomers  (or  prepolymers)  crosslinking 
agents  and  initiators  (or  catalysts )  of  the  other  network  (s)  and 
subsequently  polymerizing  in  situ.  They  can  also  be  prepared  simultaneously 
i.e.  by  mixing  all  the  monomers  (or  prepolymers),  crosslinking  agents  of  the 
different  networks,  initiators  and  catalysts  and  polymerizing  all  at  the 
same  time.  We  will  restrict  ourselves  here  to  simultaneous  IPN's.  Besides 
their  interest  as  macromolecular  topological  Isomers  these  materials  allow 
one  to  produce  more  controlled  and/or  enhanced  phase  miscibility  (31.  IPN's 
are  often  the  only  way  of  producing  miscible  alloys  of  crosBlinked 
polymers.  Besides  depending  on  kinetic  factors  such  as  whether  the 
half-life  of  formation  of  permanent  entanglements  in  the  IPNs  is  shorter 
than  the  half-life  for  phase  separation  due  to  "uphill  diffusion"  the  extent 
of  incompatability  is  dependent  on  thermodynamic  factors  such  as  the  free 
volume  change  or  the  magnitude  of  the  positive  enthalpy  of  mixing  found  in 
many  systems.  The  latter  can  be  crudely  estimated  by  means  of  the 
solubility  parameter  (3]  (4)  or  parameters  [3]  (4d,  4p,  4h) 
associated  with  the  corresponding  linear  polymers.  To  see  the  effect  of  the 
latter  we  will  focus  on  the  properties  of  a  number  of  recently  synthesized 
simultaneous  IPN's  [4-9]  in  which  one  network  consists  of  crosslinked  poly 
(2,6-dlmethyl-l ,4-phenylene  oxide)  (PPO)  while  the  chemical  nature  of  the 
other  component  will  be  varied. 

Related  to  the  IPN's  are  the  pseudo  (or  semi)  IPN's  in  which  only  one 
component  polymer  of  the  mixture  is  crosslinked  and  the  other  component  is 
left  as  a  linear  polymer  [1,21.  Finally  if  one  polymer  is  available  as  a 
sufficiently  large  ring  then  such  rings  can  be  permanently  trapped  in  a 
different  crosslinked  polymer  network  forming  a  macromolecular  catenane 
(10-121.  We  will  briefly  comment  on  these  other  macromolecular  topological 
isomers  of  the  PPO-IPW's. 
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2.  PPO-IPN' s 


PPO  can  be  conveniently  crosslinked  by  first  methyl  brominating  it 
using  N-bromosuccinimide  and  then  condensing  the  resulting  bromine 
containing  polymer  with  ethylene  diamine.  PPO  was  chosen  because  the 
linear  polymer  is  compatible  at  all  compositions  with  linear  polystyrene 
(PS).  It  is  not  surprising  therefore  that  the  PPO-PS  IPN's,  in  which  the 
PS  is  crosslinked  by  a  free-radical  reaction,  which  does  not  interfere  with 
brominated  PPO  condensation,  using  divinyl  benzene  and  benzoyl  peroxide, 
produces  homogeneous  single  phase  IPN's  at  all  compositions  [4).  There  is 
a  perfect  match  of  solubility  parameters  (4d,  6_,  4j,)  of  the 
linear  polymers  as  can  be  seen  from  Table  1.  Linear  poly  (methyl 
methacrylate)  (5)  (PHHA) ,  linear  poly  (urethane  acrylate)  16]  (PUA) , 

Table  I  Solubility  Parameters  and  Glass  Transition  Temperatures  of  the 
Linear  Polymers  Corresponding  to  the  Network  Components  of  the 
IPN's. 

Linear  Polymer  Solubility  Parameter  (s)  Glass  Transition 

Temperature  (*C) 


PPO 

4d=8.6,4p=3.0,4h=2.0 

211 

PMMA 

4d=9.2,4  =5.0,4h=4.2 

105 

PS 

4d=8.6,4p=3.0,4h=2.0 

100 

PUA 

4=9.1 

- 

PB 

4=8.38 

-95 

PDHS 

4=7.3 

-127 

linear  polybutadiene  (PB)  and  linear  poly  (dimethyl  siloxane)  [7]  (PDHS) 
are  not  miscible  to  any  significant  extent  with  linear  PPO,  as  would  be 
expected  from  the  solubility  parameters  listed  in  Table  1.  Simultaneous 
IPN’s  of  PPO  and  PHMA,  PUA,  PB  and  PDNS  can  be  produced  employing  free 
radical  crosslinking  Which  appears  not  to  interfere  with  the  PPO 
crosslinking  mechanism.  For  experimental  details  we  refer  our  readers  to 
the  original  papers  (4-9)  which  also  describe  how  the  pseudo- IPN's  of  some 
of  these  systems  were  prepared . 

These  IPN  samples  were  studied  by  transmission  electron  microscopy. 

The  glass  transition  temperatures  (Tg)  were  obtained  from  differential 
scanning  calorimetry  and  in  some  cases  confirmed  by  rheovibron  or  other 
thermal-dynamical  spectroscopy.  Instron  stress-strain  measurements 
provided  tensile  stress  and  elongation  to  break  data  14-9].  Measurements 
were  made  generally  on  both  unextracted  and  solvent  extracted  samples.  In 
a  number  of  instances,  on  the  homogeneous  samples  the  average  molecular 
weight  between  crosslinks  (Mc)  deduced  from  stoichiometry  was  confirmed 
by  swelling  studies.  In  general  14-9]  these  Mc  values  varied  from  about 
several  thousand  to  a  maximum  of  seventeen  thousand  [4], 

Binder  and  Frisch  113]  had  already  theoretically  suggested  that  weakly 
interpenetrating  simultaneous  IPN's  composed  of  immiscible  linear  chains 
could  form  single  phase  IPN's  over  essentially  the  Whole  composition 
range.  Thus,  the  IPN's  of  PPO  and  PMMA,  PPO  and  PUA  and  PPO  and  PB  do 
this.  Some  particulars  are  given  in  Table  2.  These  generally  transparent 
to  slightly  translucent  materials  show  no  microphase  separation  in  their 
transmission  electron  micrographs  and  exhibit  a  single  Tg  intermediate  in 
value  to  the  Tg's  of  the  pure  component  crosslinked  networks  14-6,9). 
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When  the  solubility  parameter  difference  (cf.  Table  1)  becomes 
sufficiently  large  as  with  PPO  and  PDMS  we  found  microphase  separation  at 
almost  all  compositions  [7,8],  These  samples  showed  two  Inwardly 
displaced  Tg's  and  exhibited  phase  domains  ranging  from  a  few  tenths  of 
nanometers  to  one  to  two  hundreds  of  nanometers  [8]. 


Table  II  Compatabllity  of  the  PPO-IPH's  and  the  weight  percentage 

of  PPO  at  which  the  maximum  value  of  the  tensile  strength  to 
break  (ASTMD  638)  is  found 


I PH  Linear  IPH  Compatibility  Wt.  %  of  PPO  Reference 

Polymer 
Compatabllity 


PPO-PS  Miscible  at  IPH’s  are  single  phase  75  14) 

all  compositions  and  exhibit  a  single  Tg 
decreasing  monotonically 
with  wt  X  PPO 


PPO-PMMA  Linear  "  60  15] 

polymers 
are  immiscible 


PPO-PUA 

PPO-PB 


80 

90 


19) 

16) 


PPO-PDMS  "  IPH' s  exhibit  two  Tg's  and  90  17,8) 

exhibit  phase  separation; 
become  most  miscible  around 
90  wt.  %  PPO 


Under  certain  conditions  [7,8)  around  10  weight  percent  PDMS  single  phase 
IPH' s  could  be  found. 

While  the  Tg's  of  these  IPH's  were  always  intermediate  to  the  Tg's  of 
the  pure  crosslinked  component  networks  and  varied  monotonically  with 
composition,  the  tensile  stress  to  break  (T.S.,  ASTM638)  of  all  these  full 
IPH's  showed  a  maximum  at  an  intermediate  composition,  which  is  noted  in 
Table  2.  The  exact  reasons  for  this  have  not  yet  been  experimentally, 
fully  confirmed  but  the  prevailing  speculation  11,2,4)  is  that  at  those 
compositions  the  IPH  exhibits  the  maximum  extent  of  permanent 
entanglements  which  also  need  to  be  broken  to  provide  ultimate  failure  of 
the  sample. 


3.  Other  Topological  Isomers  Involving  Crosslinked  PPO. 

The  pseudo  IPH's  of  cross-linked  PPO  and  linear  chains  of  the  other 
polymer  are  generally  opaque  to  translucent  solids  except  for  the  PS  and 
PUA.  The  pseudo  IPH's  of  PPO  and  PMHA,  PB  and  PDMS  exhibit  two  glass 
transition  temperatures  intermediate  in  value  to  the  corresponding  pure 
polymerB.  The  tensile  strengths  to  break  are  usually  monotone  decreasing 
functions  with  decreasing  weight  percentage  of  PPO. 

K  number  of  polymeric  catenanes  (10)  of  cyclic  PDMS  consisting  of 
rings  from  33  to  122  slloxane  units  have  been  trapped  in  crosslinked  PPO 
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[11,12].  As  expected  the  larger  the  degree  of  polymerization  of  the 
cyclic  PDMS  the  larger  is  the  fraction  of  trapped  (unextractable)  cyclic 
in  the  PPO  [14],  These  solid  materials  exhibit  a  melting  point  close  to 
that  of  the  pure  cyclic  PDMS  and  a  somewhat  lower  Tg  than  the  pure 
crossl inked  PPO.  These  polymeric  catenanes  reveal  microphase  separation 
with  domain  sizes  of  10-50  t>  [12].  The  values  of  the  tensile  strength 
to  break  of  these  catenanes  is  smaller  or  of  the  same  magnitude  (within 
experimental  error)  as  the  pure  crosslinked  PPO. 
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ABSTRACT 

The  morphology  of  ionomers,  e  g.,  poly(ethylene-methacrylic  acid)  (EMA)  lead  salts  (EMA/Pb) 
and  lead  sulfide  compounds  (EMA/PbS),  has  been  studied  by  using  the  techniques  of  small  angle  x-ray 
scattering  (SAXS),  anomalous  SAXS  (ASAXS),  wide  angle  x-ray  scattering  (WAXS),  and  differential 
scanning  calorimetry  (DSC).  EMA/Pb  containing  less  than  5  wt%  of  lead  exhibited  two  characteristic 
SAXS  peaks  which  corresponded  to  the  lamellar  structure  of  the  partially  crystalline  polymer  matrix  and 
the  ionic  structure  of  the  lead  aggregates  that  were  present  In  the  amorphous  regions.  The  lead 
aggregates  were  not  distributed  uniformly  and  increased  in  packing  density  with  Increasing  lead 
content.  Both  DSC  and  WAXS  showed  that  the  crystalline  phase  was  present  for  all  EMA/Pb  samples 
and  that  the  crystallinity  decreased  slightly  with  increasing  lead  content.  ASAXS  near  the  Li  absorption 
edge  of  lead  permitted  the  extraction  of  the  scattered  Intensity  of  lead  Ions  from  the  SAXS  patterns  of 
the  superimposed  crystalline  and  Ionic  structures.  Correlation  function  analysis  revealed  that  the  ionic 
aggregates  of  the  EMA/Pb  containing  5  wt%  of  lead  could  be  described  by  a  liquid-like  model  with  a 
short  range  order  of  2-4  nm.  EMA/PbS  samples  were  made  by  a  reaction  of  EMA/Pb  ionomers  with 
hydrogen  sulfide.  Instead  of  an  Ionic  peak  as  shown  by  EMA/Pb  samples,  the  SAXS  patterns  of 
EMA/PbS  showed  a  broad  diffraction  peak  located  at  the  same  q  value  as  the  lamellar  peak  of  the  EMA 
in  acid  form.  The  (lamellar)  peak  could  be  attributed  to  the  Interference  between  the  PbS  crystallites  In 
the  neighboring  lamellae. 

INTRODUCTION 

Copolymer  poly(ethylene-metharyilc  acid)  (EMA,  85  wt%  of  ethylene)  is  partially  crystalline 
because  of  the  presence  of  a  large  amount  of  ethylene  segments  EMA  ionomers  are  usually  the  metal 
salts  of  EMA  whose  carboxylic  acid  groups  have  been  partially  or  completely  neutralized.  Surlyn,  (a 
trade  mark  of  Du  Pont)  an  EMA  In  sodium  or  zinc  salt  form,  has  been  well-known  for  its  superior 
properties  as  packaging  and  coating  materials,  thanks  to  the  ionic  crosslinks  formed  by  the  aggregation 
of  metal  ions.  Although  ethylene-carboxyfate  ionomers  have  been  studied  extensively  on  their  structure 
properties  relations  (1-12)  and  several  models  have  been  proposed  to  describe  its  morphology  [4-5,  7, 
10-1 1 1,  controversies  about  which  model  to  use  stHI  remain.  This  work  alms  at  a  better  understanding  of 
the  morphology  of  EMA/Pb  Ionomers  by  carefully  designed  small  angle  x-ray  scattering  (SAXS)  and 
anomalous  SAXS  (ASAXS)  experiments  and  by  utilizing  Ihe  correlation  function  analysis,  a 
straightforward  and  effective  method  of  selecting  a  correct  model  and  of  determining  the  structural 
parameters  from  SAXS  and  ASAXS  patterns  covering  a  very  broad  q  range. 

Recently,  Mahler  treated  EMA/Pb  films  with  H2S  to  obtain  a  composite  polymer  material 
(EMA/PbS)  possessing  semiconductor  properties  (13).  In  EMA/PbS  samples,  PbS  crystallites  are 
embodied  in  the  semicrystalline  polymer  matrix.  A  morphological  characterization  of  EMA/PbS  is 
desirable  because  the  size  and  the  spatial  arrangement  of  PbS  particles  are  the  key  factors  that  control 
the  semiconducting  properties. 

Anomalous  small  angle  x-ray  scattering  is  capable  of  varying  the  scattering  power  of  a  selected 
element  [14-20].  Its  application  to  the  EMA/Pb  and  EMA/PbS  samples  allows  us  to  remove  any  non¬ 
lead  related  scatterings  Including  the  reflection  of  the  ethylene  lamellae,  possible  Impurities  and  voids 
and  to  study  the  structure  and  the  spatial  arrangement  of  lead  Ions  or  PbS  particles  in  the  polymer 
matrix.  In  this  paper,  the  use  of  ASAXS  technique  In  the  EMA  ionomer  structural  determination  is 
exemplified  by  the  EMA/Pb  containing  5  wt%  of  lead. 

EMA/Pb  AND  EMA/PbS  IONOMERS 

Poly(ethylene-methacry1lc  add)  (EMA)  copolymer  containing  15  wt%  (or  5.4  mol%)  of 
methacrytic  acid  had  Mw»8.6x10*g/mol  and  M»/Mn~7.  The  EMA/Pb  Ionomer  containing  20  wt%  of 
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lead  was  obtained  by  neutralizing  EMA  with  lead  acetate.  The  neutralization  was  accomplished  by 
milling  EMA  with  lead  acetate  at  160°C.  The  lonomer  sample  containing  20  wt%  of  lead  was  then 
compression  molded  into  films.  The  samples  with  to,  5.0,  2.0,  1.0,  and  0.2  wt%  of  lead  were 
subsequently  diluted  from  the  20  wt%  sample  by  mixing  with  an  appropriate  additional  amount  of  the 
lead-free  EMA.  Fairly  homogeneous  films  could  be  obtained  by  reprocessing  the  sample  several  times. 
The  ionomer  films  with  a  thickness  ranging  from  0.1  mm  to  0.3  mm  were  essentially  transparent.  The 
samples  were  annealed  at  a  60°C  vacuum  oven  for  24  hours  before  SAXS  and  ASAXS  measurements. 

EMA  lead  sulfide  compounds  (EMA/PbS)  containing  20,  10,  5,  2,  1 , 0.2  wt%  of  lead  were  made 
by  exposure,  respectively,  of  the  corresponding  EMA/Pb  films  to  1  atm  H2S  at  room  temperatures  for  at 
least  2  hours.  The  change  of  color  of  the  EMA/PbS  films  from  light  brown  to  black  for  0.2  to  20  wt%  of 
lead  suggested  the  formation  of  PbS  particles  in  the  EMA  polymer  matrix. 

Differential  scanning  calorimetry  (DSC)  measurements  (using  ~  5  mg  sample  and  10  degree/min 
heating  rate)  of  the  EMA/Pb  samples  showed  a  slight  decrease  in  heat  of  fusion  and  melting 
temperature  with  increasing  lead  content.  Wide  angle  x-ray  scattering  (WAXS)  showed  the  ethylene 
(1  to)  and  (200)  reflections.  Both  DSC  and  WAXS  suggest  the  presence  of  the  ethylene  crystalline 
phase,  although  the  crystallinity  decreases  slightly  with  increasing  lead  content.  WAXS  of  the  EMA/PbS 
showed  reflections  of  PbS  crystallites  that  were  enhanced  (became  sharper)  with  increasing  lead 
content  suggesting  growth  in  the  size  of  PbS  particles  in  the  semicrystalline  polymer  matrix. 

Tables  1  and  2  list  the  DSC  results,  respectively,  of  the  EMA/Pb  and  EMA/PbS  samples 


Table  1.  Physical  Constants  for  EMA/Pb* 


Pb  content  (wt%) 

0 

0.2 

2 

5  b 

10 

20 

lamellar  peak  position  (1/nm) 

0.6 

0.6 

0.6 

(0.6)b 

• 

- 

ionic  peak  position  (1/nm) 

- 

-3.6 

3.5 

3.5 

2.9 

25 

ionic  peak  height 

(4)C 

-5 

20 

48 

125 

210 

heat  of  fusion  (J/g) 

39 

37 

36 

30 

19 

Tm  f’C) 

92 

92 

92 

89 

86 

Table  2.  Physical  Constants  for  EMA/PbS* 

Pb  content  (wt%) 

0.2 

1 

2 

5 

10 

20 

lamellar  peak  position  (1/nm) 

0.6 

-0.4 

0.5 

0.55 

0.6 

- 

heat  ol  fusion  (J/g) 

37 

33 

30 

22 

26 

T  (C) 

m 

91 

90 

90 

89 

87 

aDa(a  of  heal  of  fusion  and  melting  temperature  T  were  collected  from  the  endolherms  of  second  heating  circle 
jo  ensure  the  same  crystallization  history  for  all  samples. 

Appearance  of  lamellar  peak  was  sensitive  to  sample  annealing.  . 

Ionic  peak  was  hard  to  observe.  The  scattered  intensity  value  al  q- 3.6  nm  was  taken. 


SMALL  ANGLE  X-RAY  SCATTERING  (SAXS) 

All  scattering  experiments  were  conducted  at  the  State  University  of  New  York  (SUNY)  X3A2 
Beamline,  National  Synchrotron  Ught  Source  [21)  A  small  angle  x-ray  diffractometer  (SAXD)  equipped 
with  a  modified  Kratky  block  collimator  [22)  and  an  x-ray  photodiode  array  (PDA)  detector  [23)  was 
capable  of  making  SAXS  as  well  as  ASAXS  measurements  with  a  q  (  =  (4*/X)sln(0/2),  with  X  and  t 
being,  respectively,  x-ray  wavelength  and  scattering  angle)  range  of  0  03-13  nm'  .  A  SI  (111)  double 
crystal  monochramator  with  an  energy  resolution  of  i  5  eV  was  used  A  gold-coated  quartz  torroldal 
mirror  (60  cm  long,  60  mm  radius)  used  In  SAXS  at  \  -0.154  nm  was  removed  in  ASAXS  measurements 
near  the  Ls  absorption  edge  (Eedp  - 13040  eV  or  x  -0.095  nm)  of  lead,  because  It  could  not  reflect  and 
focus  x-rays  of  wavelength  shorter  than  0.097  nm  to  the  small  angle  x-ray  diffractometer  (SAXD)  which 
was  -10  m  away  from  the  mirror.  The  x-ray  beam  had  a  cross-section  of  -0.2  mmx-2.0  mm  at  the 
polymer  sample.  The  distance  between  the  sample  and  the  detector  was  220  mm.  Des meeting  was  not 
needed  forg>  0.2  nm. 
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SAXS  measurements  were  performed  at  room  temperature.  The  SAXS  patterns  were  corrected 
for  detector  sensitivity,  parasitic  scattering,  detector  dark  counts,  sample  attenuation,  Incident  x-ray 
intensity  fluctuation,  and  normalized  to  1  mm  sample  thickness  and  1  sec  experimental  duration. 

Figure  1  shows  SAXS  patterns  for  the  EMA/Pb  lonomers  of,  respectively,  20,  10,  5,  2,  and  0  (In 
acid  form)  wt%  of  lead.  A  diffraction  peak  at  q  —  0.6  nm'1,  indicated  by  a  double  arrow,  could  be 
observed  upto  2  wt%  of  lead  (also  In  the  sample  with  5  wt%  of  lead  after  annealing  the  sample).  The 
(lamellar)  peak  became  less  sharp  and  weaker  with  Increasing  Pb  content  and  eventually  disappeared. 
Another  broad  diffraction  peak,  located  at  2.5  <  q  <  3.6  nm"  ,  marked  by  an  arrow,  shifted  to  a  smaller  q 
value  and  grew  in  peak  height  with  Increasing  lead  content. 

The  peak  at  g~0.6  nm"1  is  due  to  the  lamellar  structure  of  partially  crystalline  ethylene  segments. 
Little  dependence  of  the  lamellar  peak  position  on  the  lead  content  was  observed  suggesting  that  the 
lamellar  structure  was  hardly  affected  by  a  small  amount  of  lead  aggregates  (<  2  wt%)  in  agreement  with 
the  DSC  results  (Table  1).  As  DSC  showed  the  presence  of  the  ethylene  crystalline  phase  even  in  the 
EMA/Pb  with  20  wt%  of  lead,  diminishing  lamellar  peak  with  increasing  lead  content  suggests  that  the 
lead  ions  were  distributed  mainly  In  the  amorphous  region  so  that  the  electron  density  difference 
between  the  crystalline  and  the  amorphous  regions  was  reduced  with  more  lead  Ions  present  In  the 
amorphous  region.  The  electron  densities  of  the  crystalline  and  the  amorphous  phases  were  about  to 
be  matched  in  the  EMA/Pb  containing  5  wt%  of  lead.  Further  increase  in  the  lead  content  could 
certainly  affect  the  formation  of  lamellar  stacks  because  the  aggregates  of  Pb  groups  could  form 
crosslinks  that  would  reduce  the  folding  of  ethylene  segments  and  thereby  the  crystallinity.  DSC  also 
showed  a  decrease  In  the  heat  of  fusion  and  the  melting  temperature  especially  In  the  sample 
containing  20  wt%  of  lead  (Table  1).  The  disappearance  of  the  lamellar  reflection  In  the  EMA/Pb 
samples  of  higher  than  5  wt%  of  lead  Implied  that  (1)  the  lead  ions  were  not  distributed  uniformly  In  the 
amorphous  region,  otherwise  a  lamellar  reflection  should  have  reappeared  and  peaked  at  the  same  q 
value  as  a  consequence  of  "reversed -density"  lamellae  whose  amorphous  phase  (containing  ions) 
would  have  a  higher  electron  density  than  that  of  the  crystalline  phase  and/or  (2)  the  scattering  from 
the  ionic  aggregates  oversnadowed  that  from  the  lamellae. 

The  peak  at  2.S-3.6  nm"1  Is  dearly  the  Ionic  peak  which  originates  from  the  lead  Ion  aggregate^. 
The  magnitudes  of  the  Ionic  peak  as  well  as  the  small  angle  scattering  (upturn)  at  q<~  0.6  nm" , 
another  well-observed  feature  of  lonomers  [6],  are  Increased  with  increasing  lead  content  suggesting  Its 
contribution  from  the  Ions  (25,26).  Table  1  lists  the  positions  and  the  heights  of  the  two  characteristic 
peaks  of  the  EMA/Pb  samples. 

Figure  2  shows  SAXS  patterns  for  the  EMA/PbS  samples  containing,  respectively,  20,  10,  5,  2,  1( 
and  0.2  wt%  of  lead.  No  appreciable  Ionic  peak  was  observed.  A  broad  diffraction  peak  at  q  -  0.6  nm" 
was  observed  for  all  the  EMA/PbS  samples.  The  peak  position  was  located  near  the  lamellar  peak 
position  of  the  ethylene  crystalline  matrix  and  codd  be  related  to  the  reflection  of  lamella -like  structures 
due  to  the  spatial  distribution  of  PbS  partldes.  The  above  Interpretation  could  be  supported  by  the 
following  observations.  At  0.2  wt%  of  lead,  the  number  and  the  size  of  the  PbS  partldes  were  so  small 
that  the  reflection  was  due  to  Inter-ethylene  lamellae.  At  1  wtst  of  lead,  however,  the  reflection  peak 
became  less  sharp  with  an  >1 -defined  peak  position.  Since  the  electron  density  matching  between 
crystalline  and  amorphous  phases  should  occur  near  5  wt%  of  lead  as  we  have  observed  for  the  case  of 
EMA/Pb  with  5  wt%  of  lead,  the  ll-defined  peak  could  only  be  attributed  to  the  randomness  In  the 
concentration  of  the  PbS  partldes  in  the  periodic  lamellar  layers.  This  suggestion  is  supported  by  the 
EMA/PbS  samples  containing  2  or  more  wt%  of  lead.  The  increase  in  the  reflection  peek  height  and  the 
shift  of  the  peak  from  q-0,4  nm"1  at  1  wt%  to  q-0.6  nm'1  at  10  wt%  illustrated  that  the  PbS  partldes 
grew  In  size  and  at  the  same  time  arranged  themselves  in  a  more  ordered  manner.  A  slmlar  lamellar 
peak  growth  pattern  was  observed  In  the  pdyethyfene  crystallization  (27).  It  Is  thus  reasonable  to 
conclude  that  In  the  EMA/PbS  sample  containing  1  or  more  wt%  of  lead,  the  PbS  crystallites  contribute 
to  the  lamellar  reflection  at  q-0.6  nm"1.  The  reflection  peak  of  the  EMA/PbS  samples  was  broader  than 
that  of  the  EMA  and  might  be  explained  by  the  fact  that  the  PbS  panicles  with  Unite  particle  sizes  would 
have  a  partlde  form  factor  superimposed  to  the  lamellar  reflection.  The  EMA/PbS  with  20  wt%  of  lead 
shewed  very  different  behavior  from  the  others.  There,  the  PbS  partides  might  no  longer  be  confined 
within  the  ethylene  lamellae.  The  peak  positions  of  the  EMA/PbS  samples  are  listed  In  Table  2. 

The  most  straightforward  Interpretation  of  the  Ionic  peak  as  shown  In  Figure  1  was  made  by 
Longworth  (4)  who  assumed  that  the  Ionic  aggregates  occupied  the  lattice  points  and  attributed  the 
ionic  peak  to  Bragg  reflection  of  those  ionic  aggregates.  Thus  the  inter-aggregates  distance  could  be 
estimated  as  -  2rr/gpuk.  MacKnight  at  a/,  attributed  the  Ionic  peak  to  core-shell  shaped  aggregates 
that  had  no  Inter-aggregate  Interference  (7).  An  alternative  core-shell  model  was  given  by  Hashknoto  ef 
a/.  (24).  Cooper  ef  a/.,  on  the  other  hand,  explained  the  Ionic  peak  In  terms  of  liquid -I  Iks  War- 
aggregates  (spheres)  Interference  (11).  The  use  of  these  morphdogical  models,  however,  requires 
availability  of  the  excess  scattered  Intensity  from  the  lead  ions.  Furthermore  the  model  fining  of  SAXS 
patterns  measured  in  a  limited  q -range  often  prevents  a  critical  comparison  cf  the  theoritlca!  models 
with  experimental  data.  These  difficulties  could  be  resolved  by  using  ASAXS  covering  a  very  bread  q 
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figure  1.  SAXS  patterns  of  the/,E,M*/'pk 
samples  containing,  respectively,  20,  10,  5,  2,  and 
0  (add  form)  wt*  of  Pb.  Double  arrow  indicates 
the  reflection  of  the  ethylene  lamellae  at  <?~0.6 
no.  With  increasing  Pb  content,  *e  pea* 
becomes  less  sharp  and  disappears  for  EMA/Pb 
with  more  than  5  wt%  of  lead.  Arrow  marks  the 
ionic  diffraction  peak,  <7  “25-3.6  nm  ,  vdneh  's 
originated  from  the  Pb  ion  aggregation  The  Pb 
aggregates  are  not  distributed  uniformly  in  the 
. _ i _ tw*  pm  a  nolvmer  matrix. 


Tgure2.  SAXS  patterns  of  the  EMA/PbS 
amples  containing,  respectively,  20,  10,  5,  2,  1.  0 
,cid  form)  wt%  of  Pb.  No  appreciable  ionic  peak 
is  observed.  Instead,  a  strong  and  broad 
diffraction  peak  is  seen  at  q-  0.6  nm  Por 
EMA/PbS  with  higher  than  1  wt  %  of  Pb.  P  S 
particles,  in  crystaUinc  form,  are  distributed  m  the 
amorphous  region  with  certain  ordering.  The 
diffraction  peak  is  due  to  interference  of  the  PbS 
particles  in  neighboring  lamellae  The  ?  . 
rrvstallites  grows  in  size  with  increasing  Pb 


sure  3.  ASAXS  difference  scattering  pattern 
*liow  squares)  of  the  EMA/Pb  sarnie 
.ntaining  5  wt%  of  Pb,  wbich  was  obtained  by 
.btraction  of  the  SAXS  curve  measured  at  7  e\ 
clow  the  Pb  E3  absorption  edge  (corrected  lor  a 
uorcscence  background)  from  that  measured  a 
y?  eV  below  the  edge.  Solid  line  represents 
itting  of  the  liquid-like  model.  Dashed  hne  is  the 
tructure  factor  corresponding  to  a  Debye  - 
lueche  type  inhomogeneity.  The  ASAXS  P3”"1’ 
.  „_u  a.^hrd  hv  the  two  structures.  The  model 


Figure  4.  In  the  inset,  the  dotted  line  (*-)  is  the 
correlation  function  p(r)*r  y(r)  (Eq.  0  ol  the 
ASAXS  difference  scattering  pattern  (F«“rc  -)• 
The  broad  hump  can  be  fitted  by  a  Debye-Buechc 
type  equation  for  random  inhomogeneity, 
7(r)-exp(-r/fl  +  rVb\  with  c*81  nm  and  *** 
nm  (solid  Une).  The  squares,  obtained  by 
subtraction  of  two  curves  in  the  inset,  «P™“" .  * 
local  structure  that  can  be  well  described  by  t 
liquid-like  model  (solid  line).  «nh  Rmm-  036 
nm,  flea  -  0.72  nm,  and  Fp  *  4  nm 
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range  [19.  20.  28]  and  by  applying  correlation  function  analysis  [29,  30]  to  the  excess  SAXS  patterns 
due  to  lead  ions  only  as  suggested  by  Williams  [31]  and  demonstrated  by  an  example  In  the  following 
section. 

ANOMALOUS  SMALL  ANGLE  X-RAY  SCATTERING  (ASAXS) 

The  ASAXS  technique  is  one  of  the  best  methods  for  getting  the  pure  scattering  structure  factor 
of  metal  ions.  Correlation  function  analysis  of  the  scattering  profiles  is  the  most  effective  and  least- 
biased  mean  to  demonstrate  whether  the  ionic  aggregates  have  inter-particle  interferences  [32],  We  are 
here  to  present  an  example  of  using  ASAXS  to  overcome  the  difficulties  in  determining  an  ionic 
structure  in  the  presence  of  polymer  lamellar  structure 

SAXS  measurements  on  the  EMA/Pb  sample  were  conducted  at.  respectively.  E  =13033  eV  (7  eV 
below  the  edge)  and  12723  eV  (317  eV  below  the  edge).  Each  SAXS  curve  was  accumulated  for  200 
sec.  The  energies  were  carefully  chosen  according  to  the  anomalous  scattering  factors  f  and  f  "  values 
of  lead  in  the  ionomer  samples  which  had  been  experimentally  determined  [28].  The  scattered  Intensity 
of  lead  ions  could  only  be  obtained  by  subtracting  the  SAXS  pattern  measured  at  13033  eV  from  that  at 
12723  eV  after  fluorescence  correction  (matching  SAXS  patterns  at  q>  10  nm‘  where  the  form  factor  of 
lead  ionic  aggregates  could  be  experimentally  terminated).  The  experimental  details  will  be  described  in 
our  forthcoming  paper  [28]. 

Figure  3  shows  the  ASAXS  difference  scattering  pattern  for  the  EMA/Pb  containing  5  wt%  of  lead 
(hollow  squares).  A  lamellar  peak  at  g~0.6  nnri  in  the  SAXS  curves  has  been  cancelled  out  by  the 
subtraction  The  ASAXS  difference  pattern,  possessing  two  typical  features  of  ionomers:  an  ionic  peak 
and^a  small  angle  upturn,  was  due  to  lead  ions  only  One  notes  that  the  ionic  peak  terminates  q>  10 
nm'  . 

The  electron  density  auto-correlation,  -y(r)  =  <  rj(r  )n{r  _)>,  with  rj  being  the  local  electron  density 
fluctuations  and  r-  |r  -r  |,  is  related  to  the  scattered  intensity  l(q)  by  [29.  30], 

1  (r)  =  J  d 2 1(d)  Sinc,fdq/r  q2l(q)  dq  (1) 

o  qr  o 

In  the  inset  of  Figure  4,  the  correlation  function  p(r)=r2y(r )  of  the  smoothed  ASAXS  difference 
scattering  pattern  (Figjjre  3)  shows  a  broad  hump  which  can  be  fitted  with  an  empirical  equation  (solid 
line):  y(r)  -exp(-r/a  +r  /b2),  with  a  =  8.1  nm  and  6=36  nm.  This  equation  is  similar  to  well-known  Debye 
Bueche  equation  for  random  inhomogeneities  [29],  y(r)  ~  exp(-r/a),  with  a  defined  as  the  correlation 
length  Fining  of  the  Debye-Bueche  equation  to  the  experimental  correlation  function  yielded  a =9.1  nm, 
although  the  fitting  was  not  as  good  as  the  empirical  equation.  The  subtraction  of  the  fitted  (Debye- 
Bueche  like)  correlation  function  from  the  experimental  overall  correlation  function  yielded  a  difference 
curve  as  shown  in  Figure  4  (hollow  squares).  The  damping  oscillations  seen  in  the  difference  correlation 
function  are  typical  in  the  correlation  function  of  a  system  with  inter-particle  interference  The  difference 
correlation  function  could  be  well  fitted  to  a  liquid-llke  model  [11]  resulting  in  the  following  model 
parameters:  radius  of  the  Ionic  aggregates  Score  =  0.36±0 .01  nm.  radius  of  closest  approach 
Sea  =  0.72 TO. 02  nm.  and  volume  per  each  ionic  aggregate,  Vp=4  0+0.4  nm  3 

In  Figure  3,  the  solid  line  and  the  dashed  line  are  the  structure  factors  corresponding  to. 
respectively,  the  correlation  function  of  the  liquid-like  structure,  as  shown  In  Figure  4  and  the  correlation 
function  similar  to  Debye-Bueche’s  Inhomogeneity,  as  shown  in  the  inset  of  Figure  4.  The  ASAXS 
difference  scattering  pattern  could  be  represented  fairly  well  by  the  sum  of  the  two  types  of  structure 
factors 

Figures  3  and  4  reveal  the  following  information  about  the  lead  ions  There  are  two  structures  In 
the  EMA/Pb  with  5wt%  of  lead:  a  Debye-Bueche  type  Inhomogeneity  with  a  correlation  length  of  about 
8-9  nm  and  a  local  structure  that  could  be  well  described  by  the  liquid-llke  model.  The  ionic  peak  can  be 
attributed  to  the  Inter-aggregate  Interference  while  the  small  angle  upturn  is  due  to  the  Inhomogeneous 
spatial  distribution  of  the  lead  Ions.  The  lead  ion  aggregates  are  quite  small  In  size  with  a  mean  diameter 
of  -0.7  nm  The  most  probable  Inter-aggregate  distance  is  -2.0  nm  (second  peak  In  Figure  4)  slightly 
greater  than  - 1  8  nm  estimated  from  the  Bragg  spacing  corresponding  to  the  ionic  peak  position 

SUMMARY 

By  using  the  techniques  of  SAXS.  ASAXS,  WAXS,  and  DSC,  the  ionomer  samples  EMA/Pb  and 
EMA/PbS  could  be  well  characterized  The  lead  aggregates  and  PbS  crystalline  particles  were  present 
in  the  amorphous  region  of  EMA  semicrystalline  polymer  matrix.  The  distribution  of  lead  Ions  was  not 
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uniform  while  certain  ordering  was  observed  for  PbS  particles.  The  presence  of  the  crosslinks  formed 
by  the  lead  aggregates  reduced  the  crystallinity  of  the  polymer  matrix.  ASAXS  was  shown  to  be  an 
effective  method  of  extracting  the  scattered  intensity  of  ions  from  complex  scattering  functions  with 
backgrounds  including  the  crystalline  matrix,  possible  impurity,  air  bubbles,  and  voids.  The  ASAXS 
difference  scattering  pattern  of  the  EMA/Pb  sample  containing  5  wt%  of  lead  was  analyzed  by  using  the 
correlation  function  scheme.  The  structure  and  the  spatial  arrangement  of  the  ionic  aggregates  could 
thereby  be  described  The  liquid-like  model  could  be  used  to  depict  the  ionic  peak  with  the  local 
structure  of  the  ionic  aggregates  represented  by  the  correlation  function,  while  the  Debye-Bueche  type 
long  range  inhomogeneity  offered  a  good  scheme  to  represent  the  small  angle  upturn. 
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EXCIMER  AND  EXCITON  FUSION  OF  BLENDS  AND  MOLECULARLY 
DOPED  POLYMERS--A  NEW  MORPHOLOGICAL  TOOL. 
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ABSTRACT 

Exciton-exciton  and  exciton-exrimer  triplet  fusion  kinetics  is  monitored  in 
medium  molecular  weight  P1VN/PMMA  solvent  cast  films  with  concentrations  from 
0.005  to  100%  (weight),  at  temperatures  of  77  to  300  K,  via  time  resolved 
fluorescence  and  phosphorescence  (10  ns  to  10  sec).  The  heterogeneity  exponent  (h) 
is  0.5  for  isolated  P1VN  chains,  zero  (classical)  for  pure  P1VN  and  ”fractal-like" 
throughout  certain  concentration  regimes.  However,  n  is  not  monotonic  with  blend 
concentration  but  rather  oscillates  between  zero  and  0.5.  Correlation  is  made  with 
morphology  changes  (phase  separation,  filamentation).  As  expected,  the  triplet 
exdton  kinetics  is  dominated  by  short-range  hops  (about  5  A)  and  thus  monitors  the 
primary  topology  of  the  chains.  At  concentrations  below  0.01%,  the  excitons  are 
constrained  to  a  truly  one-dimensional  topology.  At  higher  concentrations  there  is  a 
fractal-like  topology.  Similar  studies  were  conducted  on  naphthalene-doped  PMMA 
(1-20%  weight).  The  lower  concentration  samples  are  neither  segregated  nor 
random  solution  phases. 


INTRODUCTION 

Can  luminescence  techniques  establish  themselves  as  important  tools  for 
polymer  morphology?  Industrial  materials  are  becoming  more  complex, 
structurally,  as  they  are  being  optimized  for  specific  performance  criteria.  This 
complexity  goes  beyond  the  chemistry  of  copolymers  and  into  the  specific  physical 
arrangement  of  composite  materials  containing  monomers,  homopolymers,  and 
copolymers.  This  leads  to  heterogeneous  mixtures  containing  microphase  and 
interphase  domains.  There  is  a  general  belief  that  the  microscopic  structure  of  the 
material  and  its  dynamic  response  are  responsible  for  its  desirable  properties  [11. 
However,  we  know  little  about  the  morphology  and  dynamics  at  the  50  to  500  A 
scale  (typical  polymer  dimensions).  Characterizing  the  structure  and  dynamics  on 
this  scale  might  lead  to  :  (1)  a  better  understanding  of  materials  performance,  (2) 
improved  analytical  methods  for  quality  control,  and  3)  guidance  for  future 
synthesis  of  improved  materials. 

While  spectroscopic  methods  have  been  around  for  a  long  time,  the  recent 
advances  in  laser  technology  and  in  the  theory  of  photophysical  processes  have  led 
to  new  approaches.  Fluorescence  and  phosphorescence  approaches,  based  largely 
on  energy  transfer  (ET)  and  quenching,  have  been  of  much  recent  interest  1-7J. 
Here  we  focus  on  a  relatively  new  approach  of  monitoring  longer-range  energy 
transport  and  energy  fusion  kinetics.  This  approach  has  been  applied  successfully 
to  simple  organic  crystals,  mixed  crystals,  crystallites  embedded  in  porous 
membranes  and  glasses,  and  vapor-deposited  organic  films  [8,9].  Most  powerful  has 
been  the  utilization  of  triplet  excitation  transport  and  fusion,  via  delayed 
fluorescence  and  phosphorescence.  We  apply  this  approach  to  the  study  of  polymer 
blend  micro-morphology. 


TRIPLET  EXCITON  TRANSPORT 

Triplet  excitation  transfer  (TET)  is  characterized  by  an  extremely  short  geometrical 
range,  as  short  or  shorter  than  electron  transfer.  The  following  table  is  adapted 
from  Tazuke  and  Winnik  [2]: 
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Interaction 

Singlet  ET  (dipole) 

TET  (electron  exchange) 
Electron  Transfer 
Exciplex  Formation 
Exdmer  Formation 
Chem.  Bond  Formation 


Effective  Range  (A) 

10  to  100 
4  to  15 
4  to  25 
4  to  15 
ca.  4 
ca.  2  to  4 


For  chromophores  such  as  naphthalene,  TET  is  limited,  effectively,  to  8  A  [8-10]. 
While  exdmer  formation  has  a  shorter  range,  its  studies  are  usually  contaminated 
by  the  much  longer  range  of  singlet  ET,  which  leads  to  the  formation  of  the  exdmer 
[3,4].  In  addition,  the  much  longer  lifetime  of  the  exdted  triplet  state  (e.g.,  3  sec.  in 
the  naphthyl  group,  compared  to  10‘7  sec.  for  the  exdted  singlet)  makes  it  possible 
to  study  multistep  energy  transfer,  i.e.,  exdton  transport  kinetics. 


Fig.  1:  Schematic  description  of  naphthalene  aggregates  and 
polyvinylnaphthalene  guest  chains  embedded  in  PMMA.  *nie  dashed 
lines  are  the  "short-cuts"  possible  for  singlet  ET  but  not  for  triplet  ET. 

Long-range  triplet  exdton  transport  can  be  monitored  by  trapping  at 
impurities  or  defects  such  as  triplet  exdmers  [8-10],  However,  the  most  effective 
method  seems  to  be  that  of  triplet  exdton  fusion,  which  can  take  place  anywhere, 
induding  at  a  trapping  site.  This  fusion  process  is  monitored  not  only  by  its  effect 
on  the  triplet  phosphorescence,  but  also  by  its  creation  of  delayed  fluorescence,  with 
its  highly  increased  quantum  effidency  and  its  unmistakable  time  characteristics. 
In  addition,  fusion  is  a  photophysical  process  which  can  characterize  the  geometry 
by  which  it  is  confined  (see  below),  over  a  range  of  about  1000  A  or  larger,  but  with 
a  definition  of  about  5  A  (Fig.  1). 


FRACTAL-LIKE  TRANSPORT  AND  KINETICS 

Recent  insights  into  transport  and  reaction  dynamics  in  restricted  geometries 
and  heterogeneous  media  have  led  to  a  "fractal"  approach  to  diffusion  controlled 
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kinetics  [8].  Specifically,  the  rate  coefficient  for  a  bimolecular  or  pseudo- 
monomolecular  reaction  can  be  written  as 

k  =  k1t'h  0*h<l  (1) 

where  h  is  the  "heterogeneity  exponent,"  and  kj  is  roughly  the  rate  of  a  single  hop. 
For  classical  processes  (homogeneous,  3-dimensional  media)  h  =  0  and  k  is  the 
classical  "rate  constant."  For  a  strictly  one-dimensional  topology  h  =  1/2.  For  most 
other  situations  (effective  topology  between  one-  and  three-dimensional), 
0  <  h  <  1/2.  Underlying  this  result  is  a  non-Poissonian  distribution  of  the  reacting 
particles  [8],  due  to  the  fact  that  diffusion  in  low  dimensions  is  an  inefficient 
stirring  mechanism.  (This  is  an  expression  of  the  non-recurrent  nature  of  random 
walk  in  low  dimensions.)  The  exponent  h  is  thus  sensitive  to  the  local  morphology. 
In  addition,  there  are  other  snort-time  effects  that  are  sensitive  to  the  local 
morphology  [8]. 

We  note  that  eq.(l)  is  appropriate  for  both  bimolecular  reactions  (such  as 
A  +  A  -»  Product)  and  pseudomonomolecular  reactions  (A  +  C  -»  C  +  Product).  In 
particular  we  deal  here  with:  1.  Triplet  homofusion: 

T  +  T-»S-»hv  (2) 

where  T  is  a  triplet  excitation,  S  a  singlet  excitation  and  hv  a  photon  of  fluorescence 
(or  a  phonon).  2.  Triplet  heterofusion: 

T  +  T  T  +  hv  (3) 

where  T  is  a  defect  (exdiner)  excitation.  Both  equations  (2)  and  (3)  are  somewhat 
oversimplified  [9]  but  are  kineticaliy  sound.  In  addition,  there  is  the  true 
monomolecular  decay: 


T  -♦  hv'  (4) 

where  hv*  is  a  photon  of  phosphorescence  (or  a  phonon).  The  homofusion  process  is 
thus  described  by 


F  =  kx't-hP2  (5) 

where  F  is  delayed  fluorescence  and  P  phosphorescence,  while  the  heterofusion 
process  is  given  by 


F  =  k^t-hP  (6) 

where  h  is  the  same  and  depends  on  the  medium  but  not  on  the  process.  We  note 
that  proper  time  modulation  of  the  laser  pump  and  probing  procedure  will  lead  to 
either  homofusion  or  heterofusion. 


EXPERIMENTAL 

Both  P1VN  (Mw  »  100,000)  and  PMMA  (Mw  «=  154,000)  used  in  this  study 
are  purchased  from  Polysdence  Inc.  They  are  all  further  purified  by  multiple 
precipitation  (3  times).  For  PMMA  we  use  toluene  as  the  solvent  and  methanol  as 
the  non-solvent,  while  for  P1VN  the  solvent  is  dichloromethane  and  the  non-solvent 
is  methanol.  The  solvents  used  in  the  purifications  are  all  spectral  grade.  It  is 
believed  that  the  purified  polymers  are  free  of  monomers  and  low  molecular  weight 
impurities  from  the  polymerization.  The  final  precipitates  are  left  in  the  air  to  ary 
for  1-2  days  and  then  vacuum  dried  at  about  70  °C  (below  their  T«  s)  for  another  2 
days  ensuring  that  there  is  no  solvent  left  in  the  polymer  samples. 
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Film  samples  are  cast  by  using  the  doctor  blade  technique.  Different  portions 
of  polymers  are  carefully  weighted.  For  the  concentrations  below  0.5%,  we  first 
dissolve  5.0  mg  of  P1VN  in  50  ml  toluene  and  then  by  taking  out  0.5,  1.0,  2.5,  and 
5.0  ml  of  this  solution,  get  corresponding  weights  of  PlVN  equal  to  0.05,  0.1,  0.25, 
and  0.5  milligrams,  respectively.  These  solutions  are  evaporated  so  that  another 
solvent  can  be  used.  By  adding  different  amounts  of  PMMA,  we  get  0.005%,  0.01%, 
0.05%,  0.1%,  (Wt/Wt)  compositions.  For  each  gram  of  solid  polymer  4  ml 
dichloromethane  is  used  as  the  solvent.  The  solutions  are  well  stirred  for  several 
hours  in  order  to  get  homogeneous  mixtures.  The  substrates  on  which  the  films  are 
cast  are  chosen  to  be  aluminum  plates.  The  casting  surfaces  are  well  washed  and/or 
rinsed  with  water,  soap,  ethyl  alcohol  and  dichloromethane.  Films  are  cast  in  a 
nitrogen  dry  box.  First,  the  well-stirred  solutions  are  pored  into  the  hollow  of  the 
blade  which  is  on  the  surface  of  the  substrate.  By  sliding  the  blade  towards  the 
other  end  a  thin  film  is  made  through  the  groove  of  the  blade.  The  newly  cast  films 
are  left  in  the  nitrogen  dry  box  for  several  hours  and  then  further  dried  in  the 
vacuum  oven  at  70  °C  for  2  days.  The  thickness  of  the  finished  film  is  about  20  pm. 
The  sample  preparation  of  naphthalene-doped  PMMA  was  described  before  [11]. 

When  experiments  are  performed  at  liquid  nitrogen  temperature  (77K),  the 
samples  are  immersed  in  a  liquid  nitrogen  bath  inside  a  quartz  cryostat.  Excitation 
light  for  this  study  is  a  Lambda  Physics  Exdmer  laser,  with  XeCl;  it  gives  about  a 
10  nanosecond  pulse  at  the  wavelength  of  308  nm  and  the  line-width  is  several 
angstroms.  Usually,  the  output  power  of  the  laser  is  much  stronger  than  required; 
therefore,  neutral  density  filters  are  used.  For  consistency,  each  set  of  experiments 
is  performed  at  the  same  strength  of  excitation  light. 


For  the  kinetic  studies  the  samples  inside  the  cryostat  are  usually  placed  at 
i  the  incident  excitation  and  the  emission  signals  are  picked  up  by  2  UV  grade 


45°  to  the  incident  excitation  and  the  emission  signals  are  picked  up  by  2  UV  grade 
lenses,  which  focus  the  light  on  the  entrance  slit  of  a  SPEX  0.5  M  double 
spectrometer.  In  order  to  pick  up  more  signal  and  increase  the  signal-to-noise  ratio, 
both  the  entrance  and  exit  slits  are  open  wide  (about  1000  microns  or  more).  For 
phosphorescence  decay  signals  the  monochrometer  is  set  at  5250  A,  while  for  the 
delayed  fluorescence  the  signals  are  collected  at  around  3400  A.  These  settings  are 
based  on  the  steady  state  emission  spectra  of  P1VN/PMMA.  At  the  exit  slit  a 
regular  EMI  PMT  is  attached.  The  samples  with  concentrations  lower  than  2%,  due 
to  the  fact  that  the  decay  signals  are  weak  and  the  films  are  relatively  clear,  are 
placed  at  90°  to  the  excitation  light  The  emission  signals  are  collected  at  the  back 
of  the  sample  (similarly  to  the  way  in  which  absorption  spectrum  is  taken).  Both 


Then  a  340  nm  band  pass  filter  is  used  before  the  PMT  to  collect  the  delayed 
fluorescence.  For  phosphorescence  decay  a  520  nm  band  pass  filter  is  used.  The 
current  output  from  the  PMT  is  fed  into  a  Signal  Averager  (Princeton  Applied 
Research  Mode!  4202).  The  termination  resistor  is  selected  to  be  small  enough  to 
eliminate  the  intrinsic  effect  of  the  apparatus  on  the  fast  decay  of  the  samples.  A 
Wavetek  Model  187  function  generator  provides  the  external  trigger.  For  the  early 
time  decay  data  collections,  the  rising  edge  of  an  about  40  microseconds  wide  pulse 
is  used  to  trigger  the  excimer  laser,  while  the  falling  edge  of  the  pulse  is  used  to 
trigger  the  signal  averager.  The  pulse-width  is  selected  as  a  parameter  to  exclude 
the  laser  residual  which  is  reflected  into  the  spectrometer  for  the  higher 
concentration  samples.  This  setting  together  with  the  termination  resistor  and  the 
resolution  of  the  signal  averager  enable  us  to  detect  nothing  while  a  blank  stainless 
steel  plate  is  used.  Therefore,  all  the  decay  data  reported  here  for  the  early  time 
kinetics  have  a  40  microseconds  offset  Fo-  the  longer  time  kinetics  studies  the  data 
are  collected  about  10  milliseconds  after  ti  e  laser  fires. 
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MICROSECOND  LUMINESCENCE  OF  BLENDS 

While  the  laser  pulse  is  only  10  nanoseconds  wide,  the  data  collection  begins 
after  a  delay  of  40  microseconds.  Cutting  out  shorter  time  responses  eliminates:  (1) 
prompt  fluorescence;  (2)  artifacts  due  to  phototube  saturation;  (3)  early  transient 
kinetic  effects.  The  latter  allows  the  formation  of  a  stationary,  kinetically  ordered 

8 article  (free  exciton)  distribution  [8].  Typical  phosphorescence  and  delayed 
uorescence  decays  in  this  microsecond  (and  early  millisecond)  regime  are  shown  in 
Figure  2  for  a  50%  sample  of  P1VN/PMMA.  We  note  that  the  decay  of  the  delayed 
fluorescence  is  extremely  abrupt,  compared  to  the  phosphorescence.  A  double- 
logarithmic  representation  of  these  data,  Ln(F/P2)  vs.  Ln(t),  following  eq.(5),  is 
given  in  Figure  3.  The  curve  has  a  definite  negative  slope  (h  =  0.30  ±0.04).  Similar 
plots  are  shown  for  the  sample  of  100%  (Fig.  4).  We  see  that  the  last  sample  gives 
an  essentially  horizontal  (classical)  slope  (h  =  0.01±0.01). 


MILLISECOND  LUMINESCENCE  OF  BLENDS 

In  these  experiments  the  data  monitoring  is  started  10  ms  after  the  exciting 
pulse  (10  ns).  The  rationale  is  the  assumption  that  by  this  time  most  energy  "traps 
(e.g.,  excimer  forming  sites)  have  been  "nlled"  by  the  freely  moving  exdtons,  while 
the  free  exciton  population  has  been  depleted  by  both  fusion  and  trapping  (and  to  a 
lesser  degree  by  natural  decay).  Double-logarithmic  curves  of  Ln(F/P)  vs.  Ln(t), 
following  eq.(6),  for  these  millisecond  (and  early  second)  decays  are  given  for 
samples  of  0.01%  (Fig.  5)  and  50%  (Fig.  6).  We  notice  that  the  linear  fits  (on  the  Ln- 
Ln  scale)  are  good  but  have  definite  negative  slopes.  These  results,  as  well  as  the 
early-time  (microsecond)  decay  time  results,  are  plotted  as  a  function  of  blend 
concentration  (Fig.  7).  For  comparison,  we  have  added  to  this  plot  the  older 
(millisecond  to  second)  results  of  Li  and  Kopelman  [10],  which  were  performed  on 
some  of  the  same  blend  samples,  but  with  xenon  lamp  excitation  Gower  intensity), 
by  first  creating  a  steady-state  excitation  (illumination  over  about  10  sec)  and  then 
cutting  off  the  excitation  and  monitoring  over  a  time  interval  of  10  millisecond  to  10 
sec. 


DISCUSSION  OF  BLEND  MORPHOLOGY 

The  last  figure  (Fig.  7)  shows  a  consistent  trend  of  heterogeneity  exponents 
(h)  over  four  and  a  half  decades  of  blend  concentration.  We  first  notice  that  we 
obtain  the  classical  (h  =  0)  result  for  the  non-blended  material  (100%  P1VN). 
Whatever  the  exact  morphology,  it  is  obvious  that  here  the  exciton  will  be  able  to 
jump  onto  neighboring  naphthyl  groups  in  all  directions  (three-dimensional 
topology,  on  the  average). 

Going  to  the  other  extreme  of  highly  diluted  blends  (0.005%  and  0.01%),  we 
may  expect  isolated  P1VN  chains.  Provided  that  these  are  not  highly  folded  (into 
Tittle  balls"  or  micellejlike  structures),  the  triplet-naphthyl  exdtons,  whose  jump- 
range  is  only  about  5  A,  will  usually  find  themselves  moving  in  a  one-dimensional 
topology  (consisting  of  a  chain  of  several  hundred  monomers).  Remembering  that 
for  a  one-dimensional  topology  our  theory  predicts  h  =  1/2,  our  very  dilute  blend 
data  are  fully  consistent  with  a  model  of  largely  isolated,  largely  open  P1VN  chains. 

Previous  papers  by  Frank  and  collaborators  [3,4]  have  shown  that  for 
P2VN/PMMA  (and  similar)  blends,  there  appeared  to  be  a  phase-separation 
occurring  at  about  0.3%  weight,  for  blends  with  orders  of  magnitude  of  guest  and 
host  molecular  weights  similar  to  those  in  our  experiments  (but  note  that  we  use 
P1VN,  not  P2VN).  We  thus  expect  some  guest  chain  aggregation  to  start  at  about 
0.1%.  This  is  consistent  with  our  decreasing  h  values  (see  Fig.  7).  In  addition,  the 
monomer/excimer  fluorescence  ratios  (R)  and  the  optical  scattering  data  for  our 
P1VN/PMMA  cast  films  [10]  show  a  very  similar  concentration  dependence  to  the 
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Fig.  3:  60%  Blend  (homoftuion). 
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Fig.  6:  0.01%  Blend  (hetero fusion). 


Fig.  6:  60%  Blend  (beterofiuion). 
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Frank  et  al.  [3,4]  P2VN/PMMA  cast  films  (with  similar  molecular  weights).  Based 
on  the  last  two  criteria  one  would  assume  that  when  the  PVN  guest  concentration 
reaches  about  10%  weight,  a  fairly  complete  phase  separation  should  occur. 
Furthermore,  based  on  the  fact  that  at  10%  and  higher  no  monomer"  fluorescence 
is  observed  (only  excimer  fluorescence),  one  would  conclude  that  the  PMMA  rich 
phase  contains  little  PVN. 

Accepting  the  above  picture,  it  is  natural  to  expect  the  heterogeneity 
exponent  h  to  decrease  monotonically  with  increasing  PVN  concentration,  and 
approach  zero  around  about  10%.  However,  the  opposite  is  observed  (Fig.  7).  A 
non-monotonic  behavior  is  seen.  This  results  in  an  n  increase,  reaching  a  maximum 
(dose  to  0.5)  at  about  10%  PVN,  then  falling  slowly  and  reaching  h  =  0  (the  classical 
value)  only  at  concentrations  approaching  100%  (but  definitely  not  at  50%).  We 
note  that  DSC  measurements  at  50%  show  a  dear  two-phase  pattern  only,  after 
partial  annealing  of  the  films  [10]. 

It  has  been  recognized  earlier  [3]  that  kinetic  restrictions  during  solvent 
casting  could  affect  the  attainment  of  equilibrium.  In  particular,  the  P2VN/PMMA 
blends  appeared  to  be  more  misrible  than  predicted  from  equilibrium  models 
(especially  for  higher  molecular  weights  of  PMMA).  For  simplidty,  we  assume  here 
a  "hairy"  interface  model,  where  the  different  phases  are  separated  by  a  "fuzzy" 
interphase  domain,  i.e.,  PVN  chain  that  penetrate  significantly  into  the  PMMA 
phases  (and,  possibly,  vice  versa).  On  the  short-range  scale  typical  of  the  triplet- 
transfer,  these  hairs  have  an  effectively  one-dimensional  topology,  while  on  the 
longer  range  singlet-transfer  scale  this  is  no  longer  true.  The  observed 
excuner/monomer  ratios  (R)  appear  to  be  affected  by  monomer-monomer  singlet 
energy  transfer.  However,  the  triplet-triplet  fusion  iB  dominated  by  the  short-range 
monomer-monomer  triplet  energy  transfer.  The  triplet  fusion  kinetics  are  thus 
more  sensitive  to  the  topological  details  of  the  interface  regions.  A  similar 
sensitivity  of  this  method  to  domain  interface  topology  has  been  demonstrated  for 
vapor-deposited  crystalline  naphthalene  films  [9].  We  also  note  that  the  fusion  rate 
in  the  core  regions  (with  h  =  0)  is  faster  than  that  at  the  interface  regions  (h  >  0),  so 
that  the  observed  decays  may  be  biased  by  the  interfacial  domains.  Our 
heterogeneity  exponent  h  is  thus  very  sensitive  to  local  heterogeneities  and  less 
sensitive  to  local  homogeneities.  On  the  other  hand,  a  sample  with  macroscopic 
heterogeneities  consisting  of  separated  domains  with  sharp,  rather  than  fuzzy, 
interfaces,  would  have  resulted  in  local  environments  that  are  mostly  homogeneous 
and  thus  would  have  given  near-zero  values  for  the  heterogeneity  exponent  (n). 


MOLECULAR  DOPED  POLYMERS  (MDP) 

The  naphthalene  doped  PMMA  films  begin  to  scatter  light  at  about  20% 
concentration  (by  weight).  It  is  generally  agreed  [11]  that  at  this  concentration 
there  are  segregated,  micron-sized,  naphthalene  crystallites.  Under  these 
conditions  we  expect  to  see  classical  behavior,  i.e.,  hsO.  This  is  indeed  observed: 
Figure  8  shows  the  naphthalene  concentration  dependence  of  the  heterogeneity 
exponent  h.  Below  20%  there  is  a  monotonic  increase  as  the  concentration 
decreases.  This  excludes  the  total  segregation  model,  for  which  h  =  0.  The 
naphthalene  aggregates  must  be  smaller  than  1000  A  (at  least  in  some  directions) 
to  give  h  >  0,  based  on  an  exriton  mean  free  path  of  about  500  A  [8].  However,  the 
aggregates  also  do  not  appear  to  be  random  (percolation)  clusters.  For  such  random 
clusters  the  percolation  concentration  would  be  on  the  order  of  10%  or  higher,  based 
on  mixed  crystal  work  [8].  At  such  a  percolation  concentration  we  expect  h  *  1/3, 
approximately.  However,  in  the  MDP  samples,  the  value  of  h  =  1/3  is  reached  only 
at  about  1%  naphthalene.  Whatever  form  of  aggregation  that  is  responsible  for  this 
h  «  0.3  value  cannot  be  a  random  aggregation  (under  random  aggregation  we  would 
have  mostly  monomers  at  1%).  We  conclude  that  the  dilute  MDP  has  non-random 
guest  aggregates,  with  sizes  less  than  1000  A,  at  concentrations  below  20%. 
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Fig.  8:  Heterogeneity  Exponent  vs.  MDP  Concentration. 
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ABSTRACT 


We  report  the  observation  of  the  ordered  bicontinuous  double  diamond 
(OBDD)  structure  in  binary  blends  of  polyfstyrene-isoprene)  diblock  copolymer 
and  homopolystyrene.  The  overall  polystyrene  volume  fraction  range  is  64  - 
67  PSvol%  for  die  OBDD  structure  in  binary  blends  of  a  lamellar  diblock 
(SI  27/22)  and  a  homopolymer  (14.0  hPS).  This  composition  range  is 
approximately  within  the  polystyrene  volume  fraction  range  established  for  pure 
diblock  copolymers  in  the  strong  segregation  regime  having  the  OBDD 
structure.  Ordered  lamellae  are  observed  at  approximately  66  PSvol%  when  the 
homopolystyrene  molecular  weight  is  greater  than  the  molecular  weight  of  the 
polystyrene  block  of  the  copolymer.  This  observation  is  discussed  in  terms  of  the 
decreased  degree  of  mixing  between  the  homopolymer  and  the  corresponding 
block  and  the  resultant  effect  on  the  interfacial  curvature. 


INTRODUCTION 


Diblock  copolymers  contain  two  polymer  chains  which  are  covalently 
bonded  to  one  another  at  one  end.  Immiscible  polymer  blends  macrophase 
separate,  whereas  the  connectivity  within  diblock  copolymers  limits  the  size  of 
the  phase  separated  domains  and  gives  rise  to  periodic  microphase  separated 
morphologies.  In  the  strong  segregation  limit  the  volume  percent  of  the 
components  in  the  diblock  copolymer  determines  which  morphology  is  observed: 
spheres  on  a  body-centered  cubic  lattice,  cylinders  on  a  hexagonal  lattice,  the 
ordered  bicontinuous  double  diamond  (OBDD)  morphology,  or  lamellae.  The 
polymer  chains  are  amorphous  within  these  ordered  domains. 

The  ordered  bicontinuous  double  diamond  microstructure  is  periodic  in 
three  dimensions  and  bicontinuous  in  that  both  the  majority  and  minority 
components  are  continuous  throughout  the  microstructure.  The  minority 
component  is  divided  into  two  interpenetrating  networks  having  diamond  cubic 
symmetry.  A  color  computer-generated  image  will  assist  the  reader  in 
visualizing  this  microstructure1.  Both  minority  channels  are  separated  from 
the  majority  component  by  a  surface  of  approximately  constant  mean  curvature. 
Similar  bicontinuous  structures  have  been  proposed  for  surfactant-oil-water 
systems2.  The  OBDD  microstructure  has  been  observed  previously  in  linear 
diblock  copolymers  and  star  diblock  copolymers3.  This  paper  will  discuss  a  new 
method  of  producing  the  OBDD  microstructure:  binary  blends  of  diblock 
copolymer  and  homopolymer. 
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EXPERIMENTAL 


We  limit  our  discussion  to  diblock  copolymers  which  by  themselves  exhibit 
the  lamellar  morphology.  The  diblock  copolymers  used  in  this  study  were 
anionically  synthesized  by  Dr.  L.  J.  Fetters  of  Exxon.  Poly(styrene-isoprene)  and 
poly(styrene-butadiene)  diblock  copolymers  are  designated  as  SI  and  SB, 
respectively,  followed  by  nominal  block  molecular  weights  given  in  kg/mol:  SI 
27/22  and  SB  20/20.  The  polydispersities  of  the  polystyrene  block  and  the 
copolymer  are  less  than  1.05.  The  homopolystyrenes  from  Pressure  Chemical 
were  characterized  by  Dr.  Fetters  and  are  designated  as  x  hPS,  where  x  is  the 
molecular  weight  given  in  kg/mol.  The  homopolystyrene  molecular  weights 
range  from  5.9  to  30.1  kg/mol  and  have  a  polydispersity  of  less  than  1 .08.  The 
copolymer  content  of  the  blends  examined  ranges  from  60  wt%  to  80  wt% 
copolymer. 

Our  experimental  procedure  is  more  fully  discussed  in  a  previous  paper4. 
Briefly,  we  prepared  dilute  solutions  of  the  blend  in  toluene,  a  nonselective 
solvent.  Bulk  samples  were  made  by  allowing  the  solvent  to  evaporate  slowly  at 
room  temperature  to  form  1  mm  thick  films.  The  samples  are  then  annealed  at 
125°C  for  one  week  and  quenched  to  room  temperature  in  liquid  nitrogen.  This 
experimental  procedure  is  designed  to  obtain  near-equilibrium  conditions 
characteristic  of  125°C  which  is  in  the  strong  segregation  limit  for  this  system. 
Thin  sections  for  transmission  electron  microscopy  were  cryomicrotomed  at 
approximately  -110°C  and  stained  with  aqueous  OsC>4  vapors. 


RESULTS  AND  DISCUSSION 


Figure  1  exhibits  an  example  of  the  ordered  bicontinuous  double  diamond 
microstructure  in  the  blend  of  60.0  wt%  SB  20/20  in  17.2  hPS.  The  micrograph 
exhibits  the  [111]  projection  of  the  OBDD  as  confirmed  by  computer  simulations 
compared  to  digitized  TEM  data5.  The  [111]  projection  has  been  called  the 
"wagon  wheel”  projection,  since  six  spokes  are  seen  to  protrude  from  the  axle,  if 
one  imagines  the  axle  of  a  wheel  perpendicular  to  the  page;  the  spokes  are  light 
and  the  axle  is  dark  at  this  composition.  The  added  homopolystyrene  selectively 
swells  the  polystyrene  block  of  the  copolymer  to  induce  an  order-order  transition 
from  lamellae  to  the  ordered  bicontinuous  double  diamond  morphology.  The 
homopolystyrene  and  the  PS  blocks  are  contained  in  the  matrix  region  of  the 
OBDD  microstructure,  while  the  PB  blocks  are  in  the  channels. 

There  are  four  experimental  parameters  necessary  to  describe  binary 
blends  of  homopolymer  (A)  and  diblock  copolymer  (AB)  at  a  fixed  temperature. 
The  AB  diblock  copolymer  is  fully  described  by  two  parameters,  for  instance,  the 
molecular  weight  of  the  A  block  and  the  A  composition  of  the  copolymer.  The 
copolymer  content  in  the  blend  will  be  given  as  the  weight  percent  of  the 
copolymer.  Finally,  the  homopolymer  molecular  weight  must  be  specified  to 
fully  define  these  binary  blends.  We  have  explored  the  effect  of  the  copolymer 
content  in  the  blend  and  the  homopolymer  molecular  weight. 

Figure  2  shows  a  copolymer  content  series  for  the  blend  system  of  SI  27/22 
and  14.0  hPS.  At  the  lowest  copolymer  weight  percent  shown  (64.0  wt%), 
polyisoprene  cylinders  are  observed  on  a  hexagonal  lattice.  The  dark  regions 
indicate  the  preferentially  stained  polyisoprene  domains.  The  intermediate 
concentrations  of  68.0  wt%  and  70.0  wt%  copolymer  exhibit  the  OBDD  structure 
with  PI  diamond  channels,  while  a  higher  copolymer  content  (71.8  wt%) 


Figure  1:  Transmission  electron  micrograph  of  60.0  wt%  SB  20/20  in  17.2  hPS 
exhibits  the  ordered  bicontinuous  double  diamond  microstructure. 


Figure  2:  Copolymer  content  series  of  the  blend  system  SI  27/22  and  14.0  hPS: 
a.)  64.0  wt%  copolymer,  cylinders  on  a  hexagonal  lattice;  b.)  68.0  wt%  copolymer, 
OBDD  structure;  c.)  70.0  wt%  copolymer,  OBDD;  d.)  71.8  wt%  copolymer, 
lamellae. 


produces  ordered  lamellae.  Thus,  increasing  the  copolymer  content  of  this 
blend  system  induces  two  transitions  from  cylinders  to  OBDD  and  from  OBDD  to 
lamellae. 

For  the  purpose  of  comparison  with  pure  linear  diblock  copolymers  the 
copolymer  content  of  the  blend  was  converted  to  the  overall  polystyrene  volume 
percent  (Ops).  The  value  of  <I>ps  increases  as  the  copolymer  content  in  the  blends 
decreases.  Figure  3  illustrates  the  morphology  observed  as  function  of  Ops  for 
both  the  binary  blend  and  the  linear  diblock  copolymer.  The  squares  indicate 
blends  which  have  been  prepared  and  their  observed  morphologies  are 
indicated.  The  same  sequence  of  morphologies  are  observed  for  both  the  diblock 
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Figure  3:  Observed  morphologies  as  a  function  of  overall  polystyrene  volume 
percent  for  linear  SI  diblock  copolymers  and  binary  blends  [squares]  of  SI  27/22 
and  14.0  hPS. 


Figure  4:  Homopolymer  molecular  weight  series  for  70.0  wt%  SI  27/22  and 
various  hPS:  a.)  5.9  hPS,  OBDD  structure;  b.)  14.0  hPS,  OBDD  structure;  c.)  30.1 
hPS,  lamellae. 
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copolymer  and  the  binary  blend  as  d>ps  increases:  lamellae,  the  OBDD  structure, 
and  cylinders.  The  overall  polystyrene  volume  percent  windows  for  the  OBDD 
microstructure  are  similar  for  the  copolymer  and  the  copolymer/homopolymer 
blend:  approximately  62  -  66  voI%  for  the  pure  SI  diblock  copolymer6  and 
approximately  64  -  67  vol%  for  the  binary  blend  of  SI  27/22  and  14.0  hPS.  One 
might  expect  a  biphasic  region  between  the  various  ordered  morphologies  in  the 
binary  blend  indicative  of  a  first  order  phase  transition.  We  have  not  observed 
such  biphasic  regions  at  this  time. 

Figure  4  shows  a  homopolymer  molecular  weight  series  in  which  the 
overall  polystyrene  volume  percent  is  constant  at  «  65  vol%.  The  binary  blends  of 
70.0  wt%  SI  27/22  and  either  5.9  hPS  or  14.0  hPS  exhibit  the  OBDD 
microstructure.  Increasing  the  homopolymer  molecular  weight  to  30.1  hPS 
results  in  a  lamellar  morphology. 

Leibler,  Orland  and  Wheeler  developed  a  diblock  copolymer/homopolymer 
blend  theory  for  the  case  of  dilute,  spherical  micelles  in  a  matrix  of 
homopolymer7.  Their  free  energy  expression  for  a  micelle  includes  the  entropy 
of  mixing  in  the  corona  region  between  the  homopolymer  and  the  corresponding 
block  of  the  copolymer.  This  term  is  assumed  to  be  inversely  proportional  to  the 
degree  of  polymerization  of  the  homopolymer.  Kinning  experimentally 
confirmed  this  trend  for  dilute,  spherical  micelles  in  blends  of  polyistyrene- 
butadiene)  and  homopolystyrene4. 

The  degree  of  mixing  within  the  corona  influences  the  size  of  the  corona 
and  the  mean  curvature  of  the  core/corona  interface.  We  have  previously 
reported  a  shape  transition  in  a  blend  of  12.5  wt%  SB  40/40  and  hPS  as  a  function 
of  the  homopolymer  molecular  weight.  Blends  made  with  2.9  hPS  and  7.4  hPS 
exhibit  disordered  spherical  micelles,  while  a  blend  with  17.0  hPS  exhibits 
disordered  cylindrical  micelles8.  This  shape  change  from  spherical  to 
cylindrical  disordered  micelles  exhibits  decreasing  interfacial  mean  curvature 
as  the  degree  of  mixing  in  the  swollen  corona  region  decreases  by  increasing  the 
homopolymer  molecular  weight.  The  experimental  results  discussed  here  are 
at  considerably  higher  copolymer  content,  so  that  the  corona-corona  interaction 
induces  long  range  order.  At  a  low  degree  of  mixing  of  the  hPS  into  the  PS 
block,  the  PS-PI  interface  in  the  Sl/hPS  blend  maintains  the  flat,  zero  curvature 
lamellae  of  the  pure  copolymer,  Figure  4c.  A  highly  swollen  PS  block  (via  the 
addition  of  lower  molecular  weight  homopolystyrene)  causes  the  PS-PI  interface 
to  exhibit  non-zero  mean  curvature,  Figure  4a  and  4b.  The  degree  of  mixing  in 
the  corona  controls  the  interfacial  curvature  in  such  a  way  to  obtain  either 
lamellae  or  the  OBDD  microstructure  at  the  same  overall  polystyrene 
composition. 

Although  not  directly  applicable  to  our  present  work,  Wang  and  Safran 
have  calculated  the  phase  behavior  of  microemulsion  systems  of  diblock 
copolymer  (AB)  separating  A  and  B  homopolymers9.  Their  model  assumes  no 
interaction  between  diblock  interfaces  (low  copolymer  content  in  the  ternary 
blend)  and  no  penetration  of  the  homopolymers  into  the  copolymer  interface 
(“dry  brush”).  The  transitions  between  cylinders,  lamellae  and  bicontinuous 
structures  were  found  by  minimizing  the  curvature  elastic  free  energy  of  the 
interface  which  is  defined  by  the  following  coefficients:  K  as  the  bending  elastic 
modulus,  K  as  the  saddle-splay  elastic  modulus,  and  Co  as  the  spontaneous 
curvature.  K  was  found  to  be  always  negative  indicating  that  saddle  shaped 
deformation  is  energetically  unfavorable.  In  the  Wang  and  Safran  model,  the 
OBDD  structure,  which  exhibits  saddle  deformation,  transforms  to  lamejlae  or 
cylinders,  which  do  not  exhibit  saddle  deformation  as  the  magnitude  of  K 
increases.  The  OBDD  structure  in  our  experimental  binary  blends  became 
lamellae  as  the  homopolymer  molecular  weight  or  the  copolymer  content 
increases  and  became  cylinders  as  the  copolymer  content  decreases. 


CONCLUSIONS 


The  ordered  bicontinuous  double  diamond  microstructure  can  be 
prepared  in  blends  of  diblock  copolymer  and  homopolymer.  The 
homopolystyrene  selectively  swells  the  polystyrene  block  of  the  SI  copolymer  to 
induce  a'  transition  from  lamellae  to  the  OBDD  morphology.  The  overall 
polystyrene  composition  in  OBDD  blends  is  approximately  64  -  6?  PSvoI%  in  the 
case  of  SI  27/22  and  14.0  hPS;  this  composition  is  comparable  to  that  of  the  OBDD 
structure  in  pure  SI  diblock  copolymers.  Finally,  the  ordered  lamellae 
morphology  is  observed  rather  than  the  OBDD  structure  when  the  homopolymer 
molecular  weight  is  too  large  which  can  be  discussed  in  terms  of  preferred 
interfacial  curvature. 
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INTRODUCTION 

The  article  deals  with  the  phase  diagram  and  s  pi  nodal  decomposition  of  two 
polymers  blends,  namely  d— PS/PVME  and  d(deutero)— PS/PS,  investigated  by  small 
angle  neutron  scattering  (SANS).  The  result  of  the  static  experiments  is  the  excess  free 
energy  and  the  phase  diagram.  This  is  used  as  a  basis  for  studies  of  non-equilibrium 
phenomena  as  spinodal  decomposition.  In  polymer  blends  the  Cahn— Hilliard-Cook 
theory  of  the  early  state  of  spinodal  decomposition  can  be  tested  easily,  because  the 
blends  have  rather  low  relaxation  rates;  and  they  are  meanfield  systems  [2,6]  which 
makes  interpretation  simple,  except  in  a  very  narrow  temperature  region  near  the 
critical  point  [6] .  The  kinetics  in  the  isotopic  blend  d-PS/PS  are  so  slow  that  the 
early  states  of  spinodal  decomposition  can  be  studied  within  minutes.  The  presented 
SANS  results  have  been  performed  at  the  KWS  I  small  angle  instrument  at  the  FRJ-2 
reactor  in  the  KFA  Jiilich. 


DETERMINATION  OF  THE  EXCESS  FREE  ENERGY  WITH  CRITICAL 
SCATTERING 

The  excess  free  energy  of  a  mixture  can  be  determined  from  composition 
fluctuations  in  the  mixed  state  which  is  studied  by  SANS.  The  static  structure  factor 
S(Q)  for  critical  fluctuations  of  a  blend  in  the  Zimm  approximation  is  given  by  [1,2] 

4m = + v£ Q2  •  (1) 

Q  is  the  scattering  vector  for  the  neutron,  g  the  Gibbs  free  energy  of  mixing  in  units  of 
kT,  p  the  concentration  of  one  component,  Rg  is  the  radius  of  gyration,  and  V„  the 
weight  average  of  the  molecular  volume,  assuming  the  same  volume  for  both 
components.  The  second  derivative  of  g  with  respect  to  the  composition  <p  is  calculated 
from  the  Flory-Huggins  model  of  polymer  blend  [1,2],  namely 


T  is  the  generalized  Flory-Huggins  parameter  (see  eq.  (4))  which  describes  the 
difference  of  the  segmental  interaction  energy  (or  enthalpy).  It  depends  only  on  the 
segmental  properties  of  the  molecular  chains.  T  will  be  obtained  from  the  scattering 
experiment. 

In  Fig.  I  results  of  critical  scattering  at  different  temperatures  for  a  d-PS/PS 
mixture  with  ^  =  0.48  and  Vw  =  0.91  ■  10*  cm3/mol  are  plotted  vs.  QJ  (Zimm 
representation).  The  fitted  straight  lines  show  that  .the  experimental  data  follow  the 
Zimm  approximation  eq.  (1)  below  Q  =  5  ■  10‘3  A-i.  The  extrapolated  value  of 
S(Q— *0)  gives  (fig/dtp7  and  r  by  eq.  (2).  Similar  experiments  were  performed  for  other 
compositions  (see  Ref.  [3] ). 
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Fig.  2  Excess  free  energy  of  mixing  (Flory-Huggins  parameter)  as  a  function  of 
the  inverse  temperature  for  deutero— PS/PS  {<p  -  0.5)  and  d—PS/PVME 
(J>  =  0.2).  The  enthalpy  contribution  (see  eq.  (3))  is  given  by  the  slope  of  I\ 
Positive  or  negative  values  are  responsible  for  the  case  of  an  upper  or  a 
lower  critical  solution  temperature,  respectively  (see  Fig.  3  and  5),  as 
obtained  from  eq.  (2)  for  3*g =  0. 


EARLY  STATE  OF  SPINODAL  DECOMPOSITION 

A  blend  is  rapidly  quenched  from  an  equilibrium  state  at  T0  with  the  structure 
factor  STq(Q)  to  a  final  state  kept  at  a  temperature  T  with  St(Q)  If  T  is  in  the 
miscibility  gap  this  state  is  unstable  and  the  corresponding  S(Q)  is  the  virtual 
structure  factor  [2].  The  Cahn-Hilliard— Cook  (C— H— C)  [9,10]  tneory  extended  by 
Binder  [2]  for  polymers  leads  to  the  time  dependent  structure  factor 

ST(Q,t)  =  St(Q)  +  [STo(Q)  -  ST(Q)]  exp[-  2t~>  t]  .  (5) 

The  relaxation  rate  r'1  is  calculated  with  a  nonlocal  Onsager  coefficient  because  of  the 
large  size  of  the  molecules,  namely  for  Q  <  1/RB 

r>(Q)  =  6rRiRgSQJ{l-{1(l +^3S!)  \  (6) 

where  tr  is  the  characteristic  time  of  molecular  diffusion.  The  relaxation  rate  can  be 
connected  with  the  collective  diffusion  constant 


Deoil  =  1/r  Q3  for  Q  — >  0  . 


(7) 
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SPINODAL  DECOMPOSITION  IN  d-PS/PVME 

The  spinodal  of  a  d-PS/PVME  mixture  with  the  molecular  volumes  of 
V»(d— PS)  =  227000  cm 3 /mol  and  V„(PVME)  =  53000  cm3/mol  is  plotted  in  Fig.  3. 
The  spinodal  has  been  calculated  from  F  in  Fig.  2  by  means  of  eq.  (2),  using 
cPg/3<£2  =  0.  The  spinodal  temperature  of  the  investigated  specimen  [<p  =  0.2)  is 
150  °C.  The  system  was  heated  from  the  mixed  (homogeneous)  state  at  149  °C  up  to 
152  aC,  about  2  K  above  Tc.  The  SANS  measurement  was  immediately  started  when 
the  temperature  was  reached;  and  took  30  sec.  From  then  on  the  measurements  were 
performed  consecutively  in  periods  of  30  sec. 


Fig  3  Spinodal  of  d-PS/PVME  mixture.  V„(d-PS)  =  227000  cm3/mol  and 
V„(PVME)  =  53000  cm3 /mol). 


Fig.  4 
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Fig.  4  shows  the  structure  factors  in  the  homogeneous  region  at  T  =  149  °C  and  after 
heating  the  blend  into  the  region  of  the  miscibility  gap  at  152  °C  (see  arrow  in  Fig.  2). 
The  peak  at  Qm  =  1.6  •  10-3  A'1  is  expected  to  correspond  to  the  maximum  growth  rate 
i.e.  the  maximum  of  (—  r)-1  in  eq.  (8).  Using  the  equilibrium  data,  the  calculated  value 
of 


Qm  =  [1-S/Rg2  (r/Ts  -  1)] 1/2  (8) 

agrees  roughly  with  the  measured  one.  At  later  times  a  shift  of  the  peak  position  to 
smaller  Q  is  observed  due  tp  coarsening  which  is  not  described  by  eq.  (5).  Peak 
positions  as  small  as  5  •  10"5  A'1  have  been  observed  with  the  neutron  double  crystal 
diffractometer  [7,8] .  This  is  the  first  measurement  of  the  early  state  of  decomposition 
in  this  system.  More  experiments  on  this  system  are  in  preparation. 


SPINODAL  DECOMPOSITION  IN  d-PS/PS 

The  spinodal  and  the  binodal  of  an  isotopic  d-PS/PS  mixture  (with 
V„  =  0.91  •  10»  cm3/mol)  were  calculated  with  T  from  the  SANS  experiments  by 
eq.  (2)  in  Fig.  5.  We  have  investigated  a  i i>  =  0.48  mixture  with  a  TS  =  (135  ±  5)  °C 
Fig.  6  shows  the  SANS  results  of  demixing.  It  started  from  the  homogeneous 
equilibrium  state  at  160  °C  and  stopped  after  3  weeks  at  125  °C.  All  SANS 
measurements  were  performed  at  room  temperature  after  a  rapid  quench  below 
TG  =  100  °C.  The  data  could  be  analyzed  with  eq.  (5)  and  the  solid  lines  in  Fig.  6 
shows  the  best  fit.  We  find  a  collective  diffusion  constant  of 
Deoil  =  —  1.4  •  10'18  cm2/s.  This  system  is  in  an  earlier  state  of  decomposition  as.it 
was  found  in  d-PS/PVME.  In  this  region  the  observed  peak  at  1.4  ■  10  3  A1 
approaches  the  value  expected  from  eq.  (8)  namely  Q»  =  7.6  ■  10  8  A->.  Before 
coarsening  occurs  there  is  a  change  of  the  relaxation  behaviour  due  to  the  presence  of 
the  glass  transition  [12].  The  relaxation  rate  oven  by  diffusion  (eq.  (6))  couples  to 
additional  and  slow  structural  changes.  This  effect  was  observed  in  this  system  in  a 
relaxation  experiment  where  the  initial  and  final  temperatures  were  both  in  the 
homogeneous  region.  Only  in  the  limit  of  small  Q  and  small  annealing  time  the  system 
could  be  described  in  terms  of  C-H-C  theory  [3] . 


Fig.  5 


Phase  diagram  of  d-PS/PS  with  an  average  Vw  =  0.91  •  10*  cm3/mol 
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Fig  6  Static  structure  factor  at  160  °C  and  S(Q,t)  after  3  week  at  125  °C.  The 
dashed  line  is  the  virtual  structure  factor  at  125  °C. 


CONCLUSIONS 

1)  By  means  of  SANS  experiments  we  have  determined  the  excess  free  energy 
(Flory-Huggins  parameter)  of  the  d-PS/PVME  and  d-PS/PS  and  calculated  the 
phase  diagrams  with  this  quantity. 

2)  Kinetic  experiments  were  carried  out  by  quenching  from  the  homogeneous  to 
the  unstable  state.  In  d-PS/PVME  the  peak  position  consistent  with  C-H  theory  was 
observed.  The  subsequent  coarsening  with  a  shift  of  the  peak  position  from  10'3  to 
about  5  ■  10-5  A1  is  found  in  Ref.  [7,8].  For  d-PS/PS  the  very  early  stage  could  be 
measured  which  occur  before  the  appearance  of  the  unstable  peak  at  Q„. 
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MECHANICAL  PROPERTIES  AND  STRUCTURE  OP  MELAMINE 
FORMALDEHYDE/POLY( VINYL  ALCOHOL)  MOLECULAR  COMPOSITES 


KECHENG  GONG  AND  XINGHUA  ZHANG 

Dept,  of  Polymer  Science  &  Tech.,  South  China  Uni*,  of  Tech., 
Guangzhou,  P.R.  China 


ABSTRACT 

The  mechanical  properties  and  structure  of  melamine  formal¬ 
dehyde  (MP)/ poly (vinyl  alcohol)  ( FVA)  composites  were  studied  in 
this  paper.  When  PVA  content  was  less  than  a  certain  value(about 
20  weight  *),  both  flexible  strength  and  Impact  resistance  were 
improved  obviously.  While  the  impact  resistance  improvement  re¬ 
mained  the  previous  trend  the  flexible  strength  didn't  increase 
so  rapidly  as  before  when  the  PVA  content  was  more  than  20%. 

The  morphology  and  reactivity  of  the  prepolymer  powder  and 
the  morphology  of  the  finished  specimens  were  investigated  by 
means  of  microscope,  infrared  spectrum  and  transmission  electron 
microscope(TEM) .  The  results  indicated  that  molecular  composite 
structure  was  formed  in  this  two-component  system.  The  well-dis¬ 
tributed  PVA  in  this  system  was  beneficial  to  the  formation  of 
the  molecular  composite  structure.  That  could  explain  the  effects 
of  PVA  on  the  mechanical  properties  and  showed  that  the  molecular 
composite  structure  *re  favourable  for  making  full  use  of  the 
macromole cular  potentiality. 


INTRODUCTION 

Since  melamine  was  synthesized  in  1834  by  Liebig  til  its 
reactions  with  other  chemicals  have  been  studied.  Melamine  for¬ 
maldehyde  resin  [2]  extended  the  application  of  melamine.  Like 
urea  formaldehyde  (UP)  and  phenolic  formaldehyde  ( PP)  resin,  MP 
resin  can  be  used  as  moulding  and  laminating  materials,  adhesive 
and  coating.  In  order  to  improve  itB  toughness  and  to  lower  its 
cost,  a  lot  of  modified,  reinforced  or  filled  products  are  deve¬ 
loped  for  practical  uses  (3) .  MP  resin  and  its  related  products 
are  often  used  in  paper  and  textile  Industry  t41.  Particularly, 
the  aqueous  solution  of  MF  and  PVA  is  mainly  used  in  papermaking 
.  The  mechanical  properties  and  structure  of  MP/PVA  as  mould¬ 
ing  material  were  studied  in  this  paper.  The  results  showed  that 
the  molecular  composite  structure  benefited  the  improvement  of 
the  mechanical  properties. 


EXPERIMENTAL 

Preparation  of  prepolymers 

When  one  mol  37*  formaldehyde  solution  with  pH  8.0-8. 5  was 
heated  to  60*C,  1/3  mol  melamine  was  added  into  the  solution. 

As  melamine  solved  completely,  the  temperature  was  elevated  to 
and  kept  at  85°C.  As  soon  as  one  milliliter  of  this  solution  be¬ 
came  turbid  when  it  was  mixed  with  three  milliliters  of  water  at 
room  temperature,  5*  aqueous  solution  of  PVA  was  mixed  with  it. 
The  liquid  mixture  was  stirred  at  85*0  for  a  period  of  time  un¬ 
til  it  became  a  homogeneous  mixture.  After  that,  the  liquid  was 
put  in  a  vacuum  oven  to  eliminate  water  at  60°C  for  72  hours. 
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Then  the  solid  obtained  from  the  oven  was  grinded  into  prepoly¬ 
mer  powder  (<100-mesh) . 


Measurement  of  Mechanical  Properties 

At  165*C,  the  powder  was  moulded  into  specimens  with  dimen¬ 
sion  of  150x15x10  mm*  under  about  1500  kg/cm^  pressure  for  12 
minutes.  The  flexible  strength  was  measured  at  speed  of  15mm/min 
according  to  GB1042-79  (National  Standard  of  P.  R.  China).  And 
the  Impact  resistance  of  the  samples  without  notches  was 
measured  according  to  GB1 043-79. 


Investigation  of  Structure 


The  homogeneous  solution  of  MP  and  FVA  was  coated  on  an  ob¬ 
ject  carrier.  After  being  dried,  the  sample  on  the  carrier  was 
observed  under  a  microscope. 

The  prepolymer  powder,  after  necessary  preparation,  was 
tested  with  infrared  spectrum. 

In  addition,  TEM  was  used  to  investigate  the  morphology  of 
the  moulded  samples. 


RESULTS  AND  DISCUSSION 


Mechanical  Properties 


Both  flexible  strength  and  Impact  resistance  of  the  compos¬ 
ite  were  improved  by  the  addition  of  FVA.  The  flexible  strength 
and  impact  resistance  were  plotted  in  figure  1  against  the  fva 
content  (weight  #).  When  FVA  content  was  less  than  about  20#,  as 
shown  in  Fig.1,  the  flexible  strength  of  the  material  increased 
rapidly  as  the  content  Increased.  When  FVA  content  was  more  than 
20%,  the  flexible  strength  increased  slightly.  Not  quite  the  same, 
the  impact  resistance  straight  increased  all  the  way  to  40#  PVA. 

As  we  know,  in  moat  polymer  blend  and  copolymer  systems,  the 
improvement  of  the  Impact  resistance  is  achieved  with  the  loss  of 


PVA  content  (#) 


Figure  1  Relation  of  flexible  strength 
and  impact  resistance  to  FVA  content 
(w#)  in  the  composites 
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the  flexible  and  tensile  strength.  The  effect  of  IVA  in  consider¬ 
ably  wide  content  range  on  impact  resistance  and  flexible  strength 
depended  on  the  structure  of  the  composite. 


Structure  Analysis 

The  reactions,  in  which  melamine  is  involved,  have  been 
studied  for  more  than  one  hundred  years.  Until  recent  years  some 
papers  on  the  reactions  of  melamine  and  formaldehyde  were  still 
published  161 .  Under  the  experimental  condition  of  this  paper, the 
reaction  of  melamine  and  formaldehyde  was  as  follows 

NH2„ 

NH2„0-NH2  ♦  CH20  -  NH2^“  NHOH^OH 

NH2n 

Where  !!2X>'NH2  -  Melamine  =  Nr"^C-Nil^ 
nh2  NH2" 

Although  trihydroxyme thy  late  could  be  gotten,  the  reaction  pro¬ 
duct  (MF  prepolymer)  was  a  mixture  of  several  substitution  deri- 
vates.  Etherification  along  with  some  other  reactions  occurred 
when  MF  prepolymer  was  heated. The  product  of  these  reactions  was 
a  piece  of  cronslinded  solid  that  was  unmeltable  and  unsolvable. 

Fig. 2  showed  the  infrared  spectrums  of  MF  and  MP/PVA( 90/10) 
at  different  temperatures.  The  temperature  elewated  10  degrees  in 
one  minute.  Pig. 3  was  the  differential  spectrums  at  room  tempera¬ 
ture  and  at  180*C.  Fig. A  showed  the  peak  area  of  about  VjOOcm-' 
in  Fig. 2.  The  area  was  indicated  by  the  ratios  of  the  peak  area 
at  different  temperatures  to  that  at  room  temperature. 


Fig. 2  IR  spectrums  at  different  temperatures 
Temperature  elevated  10  C/mln 
(a)  MF/PVA-100/0;  (b)  MF/PYA-90/10 
*RT'room  temperature 


270 


OH  groups  joined  the 
reactions  in  this  system 
when  the  pre polymer  was 
heated.  Pig. 2  indicated 
that  the  3500cm"'  peak 
(the  IR  absorption  of  0-H 
expansion  vibration)  re¬ 
duced  as  temperature  el¬ 
evated.  in  Fig. 3,  it  was 
found  that  the  990cm-1 
peak  (C-OH  expansion  vi¬ 
bration)  became  smaller 
for  higher  temperature. 

In  addition,  whether  FVA 
was  put  in  or  not,  OH 
groups(Fig.4)  reacted  to 
a  quite  high  level(>90^). 

Ether  bonds  formed 
in  processing.  This  was 
proved  by  the  increment 
of  1050cm-1 peak(C-0-C 
asymmetric  expansion  vi¬ 
bration)  in  Pig. 3.  Fur¬ 
thermore  ,  we  could  know 
that  the  increment  of 


Wavenumbers  (cm-1) 


Fig. 3  Differential  spectrums  between  IR 
?050cm-VSkrine?b)?10X  spectrums  at  180  C  and  at  room  temperature 
FVA)  was  obviously  larger. (a)  MF/PVA»*1 00/0;  (b)  MF/PVA=90/1 0. 
than  that  in  (a)(0#  FVA). 


That  was  to  say,  when  FVA  was  put  in  the  system,  more  ether  bonds 
formed. 

The  FVA  phase  was  well  distributed  in  this  system.  We  could 
see  that  in  Fig. 5.  It  was  significant  that  FVA  phase  distributed 
as  a  continuous  network  phase  even  only  to#  FVA  was  put  in  (a). 
This  may  be  caused  by  the  effect  of  FVA  like  a  surfactant.  When 
FVA  was  more  than  20*(b),  MF  phase  took  spherical  shape.  If  FVA 
content  was  4056  ( c)  or  more,  the  MF  phase  spheres  were  kept  apart 
absolutely  by  the  FVA  phase. 

The  general  reactivity  of  OH  groups  was  decreased  by  FVA. 

The  OH  groups  on  the  FVA  molecular  chain  has  lower  reactivity 
than  that  in  MF  prepolymer.  For  the  prepolymer  containing  low  FVA 
content  (e.g.  loji),  in  addition  to  that  reason,  the  distribution 
of  FVA  phase  played  a  important  part.  Because  FVA  phase  was  con¬ 
tinuous,  30  MF  phase  was  divided  into  fine  drops.  As  a  result, 
the  general  OH  reactivity  was  reduced.  The  result  was  proved  by 
the  IR  spectrums  (Fig. 4).  In  Fig. 4,  the  3500cm-1  peak  area  of  the 
two  samples  decreased  with  the  elevated  temperature  as  the  result 


T  mperature  (*0) 


Fig. 4  Variation  of  A/A* 
with  temperature 

A*35  00  cm"1  peak  (IR) 
area  at  a  certain 
temperature 
A*“  A  at  room  tem¬ 
perature  (RT) 

- MF/PVA-1 00/0 

-  MF/PVA-90/10 


Pig. 5  Microscope  photographs  of  different  MP/PYA  ratios 
MP/PVA:  (a)  90/10;  ( b)  80/20;  (c)  60/40. 


of  the  reactions.  For  0*  PVA  sample,  the  area  changed  most  rapid¬ 
ly  at  about  90”C,  and  for  10*  PVA  one,  at  about  120*C. 

Molecular  composite  structure  was  formed  in  this  composite 
system.  From  our  previous  experimental  result,  we  knew  that  PVA 
phase  was  well-distributed  even  only  10*  PVA  was  put  in  and  the 
OH  groups  reacted  to  a  relatively  high  extent.  So  the  crosslink- 
age  of  the  material  increased  especially  in  low  PVA  content  range 
The  close  linkage  of  the  two  phase  formed  molecular  composites. 
TEM  photographs  of  two  samples  were  exhibited  in  Pig. 6.  Sample  (a) 
was  the  mould  specimen  of  this  experiment  and  sample  (b)  was  made 
from  the  specimen  that  MP  prepolymer  powder  mixed  directly  with 
PVA  powder.  The  PVA  phase  (white)  in  (a)  was  fine  and  regular 
whereas  that  was  coarse  and  irregular  in  (b).  Obviously,  this 
related  to  the  distribution  of  PVA  phase.  In  the  prepolymer  of 
(a),  the  PVA  phase  was  dispersed  as  the  shape  showed  in  Fig. 5(b). 
After  the  processing  under  certain  pressure  and  temperature,  the 
two  phase  linked  closely  and  the  PVA  phase  was  fine.  On  the  other 
hand,  in  sample  ( b) ,  after  the  same  processing,  the  two  kinds  of 
powder  combined  together  but  not  so  closely  as  (a).  Inevitably, 
the  mechanical  properties  of  the  composite  were  affected  by  their 
molecular  composite  structure.  Both  flexible  strength  and  impact 
resistance  were  improved  in  comparison  with  the  case  of  polymer 
blends  and  copolymers. 

For  the  samples  containing  more  than  20*  PVA,  the  MP  phase 
acted  as  a  reinforcer  in  PVA.  Because  the  PVA  content  was  high 
and  the  MP  phase  was  in  the  shape  of  separated  spheres,  the  mol¬ 
ecular  composite  structure  was  not  so  significant  as  in  the  low 
PVA  content  samples.  Nevertheless,  the  impact  resistance  and 
flexible  strength  were  still  improved. 


(a)  (b) 


Pig. 6  TEM  photographs  of  the  MP/PVA( 80/20)  composites 
The  composites  were  made  from 
(a)  solution  mixture  and  (b)  powder  mixture. 
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SUMMARY 

Because  molecular  composite  structure  was  formed  in  MF/PYA 
composites,  the  flexible  strength  and  impact  resistance  was  im¬ 
proved  significantly  when  PYA  content  was  less  than  20  weight 
As  PVA  content  increased  further  until  4096 ,  the  impact  resistance 
increased  continuously  while  the  flexible  strength  didn’t  increase 
so  quickly  as  PVA  content  lower  than  20%.  In  addition,  the  addi¬ 
tion  of  PVA  can  change  the  morphology  and  reactivity  of  prepoly¬ 
mers  and  the  morphology  of  the  finished  polymers. 
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MORPHOLOGICAL  CONSEQUENCES  OF 
CATALYTIC  HYDROGENATION  OF  POLYMERS  IN  THE  BULK 
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ABSTRACT 

When  suitable  catalysts  are  molecularly  dispersed  in  polymers,  the 
polymers  can  be  modified  without  added  solvent.  This  paper  describes 
studies  on  the  morphology  of  samples  of  tians- 1 ,4-polybutadiene  and  svn- 
1 , 2-polybutadier.e  which  have  been  partially  deuterated  in  the  bulk.  The 
development  of  a  peak  in  the  SANS  data  for  the  1,2-polybutadiene  suggests 
the  formation  of  small  domains  upon  deuteration.  Possible  explanations 
for  this  observation,  including  chemical  and  physical  heterogeneity,  are 
evaluated.  Results  of  SAXS  and  thermal  measurements  are  also  considered. 


INTRODUCTION 

We  have  previously  shown  that  olefinic  polymers  can  be  hydrogenated  in 
the  bulk  with  transition  metal  catalysts  [1],  The  absence  of  added 
solvent  is  in  contrast  to  more  conventional  solvent-based  methods  for 
polymer  modification  [2],  Both  the  molecularly  dispersed  (dissolved) 
catalyst  and  the  flexible  polymer  chain  provide  the  mobility  required  for 
high  conversions  to  hydrogenated  polymer.  The  reaction  exotherm  must  be 
completely  adsorbed  by  the  polymer.  Given  the  unique  reaction  conditions, 
it  is  appropriate  to  investigate  the  morphology  of  the  product  polymer  at 
intermediate  levels  of  hydrogenation. 

Small-angle  x-ray  (SAXS)  and  small -angle  neutron  (SANS)  scattering 
provide  structural  information  on  the  5-500A  length  scale.  Differential 
scanning  calorimetry  (DSC)  probes  physical  transitions  in  materials.  We 
have  used  these  techniques  to  assess  physical  state  and  chemical 
heterogeneities  resulting  from  the  bulk  modification.  Typically,  polymers 
were  only  partially  deuterated.  Since  the  huge  difference  in  coherent 
scattering  lengths  of  H  and  D  enhances  contrast  between  deuterated  and 
undeuterated  polymer  regions,  SANS  is  sensitive  to  chemical  heterogeneity 
produced  by  localized  deuteration,  SAXS,  on  the  other  hand,  is  relatively 
insensitive  to  deuteration  because  of  the  small  difference  in  x-ray 
scattering  length  of  H  and  D.  SAXS  is,  however,  sensitive  to  density 
variations  (e.g.,  crystallinity)  on  the  5-500A  length  scale.  This  paper 
describes  our  studies  using  these  techniques  on  trans - 1 ,4-polvbutadiene 
and  svn-1. 2-polybutadiene 


EXPERIMENTAL 

Saanie  Preparation:  Materials:  Svn-l,2-polvbutadlene  (1,2-PB)  was 
purchased  from  Polysciences .  NMR  analysis  suggests  approximately  10% 
1,4-addition  and  90%  1,2-addition.  Purchased  material  was  described  as 
28%  crystalline.  Trans  - 1 . 4-polvbutadlene  (1,4-PB),  a  gift  of  Gencorp,  was 
88%  trans.  Both  polymers  were  purified  by  precipitation  from  toluene 
solution  prior  to  use.  Crabtree  catalyst  | Ir(COD) (py) (tcyp) JPF$ 

(COD-1 , 5-cyclooctadiene ;  py-pyridine;  tcyp-tricyclohexylphosphine)  was 
prepared  according  to  literature  procedures  [3],  Sample  Preparation:  To 

polymer  (1.5g)  dissolved  In  25  mL  benzene  was  added  15  mg  catalyst.  The 
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solution  was  poured  Into  an  open  aluminum  mold  and  was  frozen  In  an 
acetone  slurry.  After  demolding,  solvent  was  removed  from  the  solid 
mixture  under  vacuum  at  a  rate  sufficient  to  prevent  melting. 

Deuterations :  Deuterations  were  performed  in  a  pressure  reaction  vessel 
(V-180mL)  consisting  of  a  glass  sample  container,  pressure  gauge  and  gas 
inlet  port.  Foam  samples  were  initially  pressurized  to  40psig  deuterium 
pressure.  Samples  of  partially  deuterated  1,2-PB  were  removed  at  25,  66, 
and  85%  conversion  as  determined  by  pressure  drop  and  confirmed  by  sample 
weight  gain.  Samples  of  1,4-PB  were  removed  at  35  and  70%  conversion. 

Measurements :  SAXS  profiles  were  measured  using  the  10m  SAXS  facility 
at  Oak  Ridge  National  Laboratory.  SANS  data  were  taken  at  Los  Alamos 
National  Laboratory  using  the  LQD  camera.  Observed  slopes  have  error 
limits  of  ±0.4.  Thermal  measurements  were  obtained  on  a  Perkin-Elmer  DSC- 
7  system.  Surface  area  measurements  were  based  on  nitrogen  desorption 
(BET)  with  a  Quantachroo  Monosorb  instrument. 


RESULTS 

Materials 

Polymer  samples  were  fabricated  and  used  as  foams  in  order  to  maximize 
the  accessibility  of  hydrogen  throughout  the  material.  The  foams  were 
solution  cast  as  described  in  the  Experimental  Section.  Scanning  electron 
micrographs  of  the  foams  showed  a  directional,  columnar  morphology  with 
spacing  between  columns  of  tens  of  microns.  Since  no  indications  of 
catalyst  crystallites  were  observed  by  scanning  or  transmission  electron 
microscopy,  the  catalyst  is  believed  to  be  fully  solvated  in  the  polymer. 
BET  studies  of  the  surface  area  of  foams  of  1,4-PB  indicate  a  surface  area 
between  7  and  11  m^/g .  Deuterations  of  the  olefinic  bonds  in  the  foam 
samples  were  performed  directly  under  mild  conditions. 

Small-Aratle  X-Rav  Scattering  (SAXS) 

Figure  1  shows  the  SAXS  data  for  the  undeuterated  and  partially 
deuterated  PB's.  These  curves  represent  the  scattering  cross  section  I(Q) 
as  a  function  of  the  scattering  magnitude  of  the  wave  vector  Q.  The  data 
have  been  radially  averaged.  The  abscissa  is  related  to  the  scattering 
angle  8  as  Q  -  (4x/l)  sin  (8/2).  Within  the  errors  introduced  by  sample 
irreproduciblllty ,  the  curves  overlap.  Therefore  the  data  sets  have  been 
shifted  to  demonstrate  that  the  shape  of  the  curves  is  unchanged  on 
deuteratlon.  This  result  is  consistent  with  the  insensitivity  of  x-rays 
to  low-Z  elements. 

Although  there  is  some  tailing  off  of  the  66%  1,2-PB  data  at  large  Q, 
all  of  the  curves  in  Fig.  1  are  power-law  with  exponents  near  -4.  Slopes 
of  -4  are  consistent  with  Porod's  law  and  are  the  signature  of  sharp 
interfaces  between  phases.  In  this  case,  the  interface  in  question  is  the 
polymer/alr  interface  of  the  underlying  foam  structure.  In  fact,  the 
specific  interfacial  area,  a,  can  be  calculated  from  Porod's  constant  Kp, 
obtained  from  the  magnitude  of  I (Q)  in  the  Q-*  regime  f 4  J , 

Kp  -  Q^KQ)  (1) 


and 


-  Kp/2sp0(A p)2 


(2) 
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0{A-’) 


Figure  2.  SAXS  data  for  unreacted  and  partially  hydrogens  red 
svn- 1 . 2 -polvbutadiene  (1-2)  and  trans - 1 . 4 - pol vbutadiene 


where  p0  is  the  foam  density  and  Ap  is  the  scattering  contrast  in 
scattering  length  between  the  phases  (Ap  -  9 . 9  x  10*™  cm*  ).  Using  (2) 
we  find  a-3  m2/g  for  the  1,2-PB  foams  and  8  m2/g  for  the  1,4-PB  foams. 
These  results  for  the  1,4-PB  agree  well  with  the  BET  measured  surface 
areas . 

Small-Angle  Neutron-Scattering  (SAWS) 

Figures  2  and  3  show  the  development  of  SANS  for  1,4-PB  and  1,2-PB 
samples,  respectively,  as  a  function  of  deuteration.  The  data  for  the 
unreacted  samples  show  power-law  profiles  at  small  Q  flattening  out  at 
large  Q.  Using  Eq.  (2)  we  find  that  o  -  6.7  m2/g  for  1,2-PB  and  15.4  m2/g 
for  1,4-PB.  These  values  of  foam  surface  area  are  approximately  twice 
that  found  by  SAXS.  It  should  be  emphasized  that  the  errors  in  these 
measurements  are  approximately  50%  because  of  nonuniform  sample  thickness 
and  sample  inhomogeneities  with  respect  to  foam  density. 

Upon  deuteration,  only  minor  changes  are  observed  for  1,4-PB  samples. 
The  slopes  In  the  low-Q  region  become  steeper  indicating  a  non-distinct 
Interface.  Assuming  a  sigmoidal  contrast  profile,  the  interfacial 
thickness  is  calculated  [5]  to  be  100+/- 10A.  Presumably,  the  pore 
boundaries  are  preferentially  deuterated  leading  to  the  observed 
Interfacial  contrast  gradient.  The  measured  foam  surface  area  of 
partially  deuterated  samples  is  4  m2/g,  somewhat  smaller  than  that  found 
for  0%  deuteration.  While  this  difference  may  be  due  to  sample  -  to ■ sample 
inhomogenelty ,  some  annealing  of  the  porosity  may  be  caused  by  the 
reaction  exotherm. 


Figure  3.  SMtS  d*c»  £or  unreacted  and  partially  deutecaLcd 
svn-1 . 2-Dolvbutadlene :  (a)  raw  data;  (b)  corrected  data 
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Deuteration  also  leads  to  enhanced  scattering  in  the  high  Q  region. 

To  more  clearly  reveal  this  change,  the  0%  and  35%  data  in  Fig.  2a  are 
replotted  in  Fig.  2b.  Assuming  the  background  is  due  to  incoherent 
scattering,  the  data  were  first  adjusted  to  match  at  high  Q  before 
background  subtraction.  This  procedure  scales  the  data  to  the  same  number 
of  scatterers  in  the  beam,  compensating  for  unknown  scale  factors  due  to 
sample  inhomogeneity.  The  featureless  profile  in  Fig.  2a  is  at  most 
indicative  of  a  weakly  phase  separated  system. 

SANS  results  indicate  a  qualitatively  different  structure  for  the 
domains  in  the  1,2-PB  system.  A  peak  is  now  observed  near  Q  -  . 06A‘l  in 
the  scaled,  background- subtracted  data  shown  in  Fig.  3b.  This  peak  is 
consistent  with  the  formation  of  phase -separated  domains  upon  deuteration. 
Limiting  slopes  of  roughly  -4  on  the  high-Q  side  of  the  peak  indicate  a 
distinct  phase  boundary.  Since  the  contrast  factor  A p  in  equation  (2)  is 
uncertain  here,  the  interfacial  surface  area  was  calculated  [4]  from  Kp 
defined  in  equation  (1)  and  an  invariant,  q, 

a  -  Kp* 4>  (l-4)/p0q  (3) 

q  -  j'Q2I(Q)dQ  (4) 

where  ^  is  equal  to  the  fraction  of  deuterated  double  bonds.  This  value 
of  ^  rests  on  the  assumption  that  contrast  arises  solely  from  deuterated 
domains  and  not  from  density  fluctuations  (see  Discussion).  To  avoid 
contributions  from  the  pore  interface,  I(Q)  is  assumed  to  be  flat  below  Q 
-  .05  Resulting  surface  areas  are  402,  933,  and  1094  m2/g  for  25%, 

66%  and  85%  deuteration.  The  mean  chord,  or  characteristic  lengths, 
associated  with  these  surface  areas  are  2 5A ,  28A,  and  3lA,  respectively. 
The  large  increase  in  surface  area  with  essentially  no  change  in 
characteristic  length  implies  that  domain  growth  proceeds  by  development 
of  new  domains  with  minimal  growth  beyond  30A.  Similar  behavior  is 
reported  for  sllica/siloxane  systems  [6],  The  presence  of  a  peak  in  I(Q) 
near  . 06A~1  implies  that  the  domains  are  correlated  in  space.  Although 
such  a  peak  is  usually  associated  with  spinodal  decomposition,  a  peak  is 
possible  if  phase  separation  takes  place  by  nucleation-and-growth .  From 
Bragg's  law,  a  domain  spacing  of  100A  is  found.  This  value  is  somewhat 
larger  than  twice  the  characteristic  lengths  associated  with  the  domains 
calculated  from  a  . 

The  low-Q  data  for  1,2-PB  are  consistent  with  foam  pore  surface  areas 
of  about  4  m2/g.  The  surface  area  appears  unchanged  upon  deuteration.  An 
Indication  of  preferential  deuteration  at  pore  boundaries  was  observed 
similar  to  that  seen  for  1,2-PB. 


Because  of  their  stereoregularity,  both  the  1,2-PB  and  the  1,4-PB 
samples  used  in  this  study  are  serai-crystalline.  Since  the  deuteration 
should  not  affect  the  polymer  stereochemistry  [7],  the  product  saturated 
polymers  were  also  expected  to  be  crystalline.  The  glass  transition 
temperatures  and  melt  data  of  the  unreacted  and  partially  reacted  polymers 
provide  Information  on  the  polymer  morphology. 

Table  I  summarizes  the  thermal  data  obtained  for  the  1,2-PB  samples. 

A  single  glass  transition  was  observed  at  a.l  levels  of  deuteration.  The 
glass  transition  onset  temperature  descended  gradually  with  deuteration. 
The  melting  temperature  also  decreased  at  higher  levels  of  deuteration 
from  that  of  the  unreacted  1,2-PB.  The  reduced  heat  of  fusion  seen  at  66 
and  85%  deuteration  --  as  well  as  the  high  conversion  --  implies  reaction 
of  double  bonds  originally  In  crystalline  domains.  No  melting  transition 
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ascribable  Co  Che  product  svn-l-butene  (the  hydrogenation 
1,2-PB)  was  observed  In  the  range  25-175‘C.  Doi  reports  a 
temperature  for  svn-l-butene  of  45 “C  [8J.  That  region  was 
our  scans . 


product  of 
melt 

featureless 


In 


Table  I.  Result*  of  DSC  Analysis  of  Partially  Dauterated  syn-1,2- 
Polybutadlane 
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0 

106 

15.6 

25 

-14 

105 

15.1 

66 

-26 

95 

7.2 

85 

-30 

90 

4.1 

Two  endotherms,  one  at  42°C  and  one  at  68°C,  are  present  In  the  DSC 
plot  for  unreacted  1,4-PB,  consistent  with  previous  studies [ 9 , 10] .  Upon 
deuteration,  a  substantial  new  endotherm  appears  due  to  the  hydrogenated 
polybutadiene  product  which  Is  similar  to  LDPE  [11].  The  product  at  70% 
deuteration  melts  at  99°C.  The  original  42°C  endotherm  is  still  present 
although  considerably  reduced  in  size.  The  68°C  peak  may  be  covered  by 
the  tall  of  the  product  melt.  Unreacted  1,4-PB  had  a  Tg  at  -75°C.  As 
expected  for  linear  polyethylene,  no  glass  transition  was  observed  at  high 
deuteration. 


DISCUSSION 

The  most  striking  result  of  those  described  above  is  the  difference  in 
the  SANS  plots  obtained  for  partially  deuterated  1,2-PB  and  1,4-PB. 
Specifically,  the  presence  of  a  peak  in  the  1,2-PB  data  is  unusual.  This 
peak  is  similar  to  that  observed  for  block  copolymers  and,  thus,  suggests 
domain  formation.  Four  possible  explanations  for  the  origin  of  this  peak 
have  been  considered; 

Chemical  Heterogeneity-  The  most  interesting  explanation  is  the 
possibility  of  a  catalyst-localized  reaction.  Initially  the  catalyst  is 
dissolved  in  the  polymer  matrix.  If  preferential  reaction  occurred  on 
double  bonds  near  the  catalyst  molecule  and  catalyst  mobility  were 
limited,  regions  of  deuterated  polymer  in  a  matrix  of  unreacted  polymer 
would  appear.  Such  chemical  heterogeneity  could  give  rise  to  the  observed 
SANS  data,  although  the  peak  should  disappear  as  the  reaction  goes  to 
completion. 

The  data  presented  above  imply  the  formation  of  domains  of  radius  on 
the  order  of  30A,  The  large  Increase  in  the  surface  area  between  domains 
with  no  change  in  characteristic  length  Implies  that  deuteration  proceeds 
by  nucleation  of  new  domains  with  minimal  growth  beyond  30A.  The  DSC 
results  on  1,2-PB  do  not  show  two  distinct  glass  transitions  as  is 
expected  for  phase  separated  materials.  It  should  be  emphasized,  however, 
that  the  domains  under  consideration  are  very  small.  It  is  not  clear  that 
such  tiny  domains  would  show  a  distinct  glass  transition. 
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Crystal -Excluding  Reaction-  If  the  amorphous  regions  of  the  polymer  are 
deuterated  preferentially  as  compared  to  the  crystalline  regions,  the 
contrast  between  those  regions  may  be  enhanced  in  SANS.  Although 
crystallites  are  deuterated  during  the  course  of  the  reaction,  the  DSC 
data  for  1,2-PB  suggest  that  reaction  of  amorphous  regions  occurs 
preferentially.  Specifically,  there  is  minimal  change  in  the  heat  of 
fusion  on  going  from  0%  to  25%  conversion.  The  size  of  the  observed  peak 
in  SANS,  however.  Increases  substantially  on  going  to  66%  conversion.  Ac 
this  conversion  level,  crystallites  must  have  reacted  suggesting  the 
domains  are  not  the  result  of  preferential  deuteration  of  the  amorphous 
phase.  Furthermore,  crystallites  in  these  polymers  would  be  expected  to 
be  microns  in  size.  Structure  on  this  length  scale  would  not  be  detected 
by  SANS. 

Crystalline  Product  Formation-  As  mentioned  above,  the  reaction  product, 
svn-1 -butene,  may  be  semi-crystalline.  If  reaction  occurs  randomly 
throughout  the  material  but  only  highly  deuterated  regions  crystallize, 
the  observed  domains  could  be  attributable  to  the  contrast  between  highly 
deuterated  crystalline  domains  and  less  deuterated  amorphous  regions. 
Further,  SANS  Is  known  to  be  sensitive  to  density  fluctuations.  The  peak 
may  not  be  related  to  differences  in  deuteration  but  only  to  the  density 
difference  between  the  developing  crystalline  and  amorphous  regions.  If 
this  is  the  case,  the  size  of  the  peak  should  increase  with  conversion  as 
observed.  In  contrast,  if  the  peak  is  related  only  to  differences  in 
deuceratlon,  it  should  disappear  at  100%  reaction.  No  DSC  peak 
attributable  to  the  melting  of  product  crystallites  was  observed;  however, 
whether  the  melt  transition  of  tiny  crystallites  could  be  observed  is  not 
clear.  The  SAXS  data  for  the  66%  1,2-PB  sample  shows  tailing  in  the  high 
Q  (low  size)  regime,  possibly  indicating  the  presence  of  tiny  polydisperse 
crystallites . 

Deuteration- induced  phase  separation-  The  observed  peak  in  SANS  might 
signify  phase  separation  via  spinodal- decomposition.  In  general,  however, 
the  peak  would  be  expected  to  move  to  smaller  Q  as  phase-separation 
progressed.  The  surface  area  would  also  be  expected  to  decrease  as 
coarsening  progressed.  Finally,  the  fully  deuterated  material  would  not 
be  phase -separated  and  the  peak  should  decrease  beyond  50%  deuteration. 

The  restrictions  imposed  by  the  polymeric  nature  of  the  syscem  could,  of 
course,  lead  to  unusual  kinetic  behavior.  If  a  rubbery  system  became 
glassy,  for  example,  miscibility  at  high  deuteration  would  be  kinetically 
Impeded. 

Miscellaneous-  The  peak  in  the  SANS  data  may  be  due  to  catalyst 
crystallites,  some  feature  of  the  foam  fabrication,  or  of  some  other 
experimental  variable.  The  fact  that  1,4-PB  had  no  such  peak  limits  our 
concern  about  such  miscellaneous  factors. 


CONCLUSION 

Unfortunately  none  of  the  above  interpretations  is  completely 
satisfactory.  Models  which  attribute  domain  formation  to  preferential 
deuteration  do  not  account  for  the  persistence  of  the  peak  in  the  SANS 
data  at  high  deuteration  levels  (where  contrast  should  decrease).  On  the 
other  hand,  models  that  attribute  the  SANS  peak  to  reaction- Induced 
density  differences  (e.  g.  formation  of  lamellar  crystals)  fail  to  account 
for  the  absence  of  a  similar  peak  in  the  SAXS  profile.  Further  data  on 
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fully  deucerated  and  solution-reacted  samples  will  be  required  to  settle 
the  issue.  Irrespective  of  its  origin,  the  presence  of  such  a  peak 
suggests  interesting  morphological  consequences  of  catalytic  hydrogenation 
of  polymers  in  the  bulk. 
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ABSTRACT 

Organic  aerogels  have  been  formed  from  the  aqueous,  sol-gel  polymerization  of 
resorcinol  with  formaldehyde.  These  materials  are  transparent  and  have 
continuous  porosity  with  cell/pore  sizes  of  less  than  1000  A.  Their  microstructure  is 
composed  of  interconnected  colloidal-like  particles  with  diameters  of  30-200  A.  The 
particle  size,  cell  size,  surface  area,  and  density  of  the  aerogels  are  predominantly 
controlled  by  the  catalyst  concentration  used  in  gel  preparation. 


INTRODUCTION 

The  sol-gel  processing  of  metal  alknxides  (e.g.  tetramethoxy  silane,  aluminum 
sec-butylate)  is  a  convenient  method  for  tailoring  the  properties  of  inorganic 
materials  at  the  molecular  level  Sol-gel  research  has  principally  focused  on  the 
manipulation  of  silicate  precursors  to  form  polymeric  or  colloidal  structures  in 
solution.  The  hypercritical  drying  of  cross! inked  silica  gels  leads  to  the  formation  of 
a  special  class  of  open-celled  foams  referred  to  as  aerogels  Aerogels  have  an 
ultrafine  cell/pore  size  (<  1000  A)  and  a  solid  matrix  composed  of  interconnected 
colloidal-like  particles  or  lightly  crosslinked  polymer  chains.  These  particles  or 
chains  have  characteristic  diameters  of  less  than  100  A.  The  above  microstructure  is 
responsible  for  the  unusual  optical,  thermal,  and  acoustic  properties  of  these 
materials  (1,21. 

Our  research  has  focused  on  organic  syntheses  which  proceed  through  a  sol-gel 
transition  and  can  be  controlled  to  give  aerogels  with  specific  properties.  Organic 
aerogels  have  been  synthesized  from  the  base  catalyzed,  aqueous  reaction  of 
resorcinol  with  formaldehyde.  In  this  reaction,  resorcinol  (1,3  dihydroxy  benzene)  is 
a  trifunctional  monomer  capable  of  adding  formaldehyde  in  the  2,4,  and/or  6  ring 
positions.  These  intermediate  products  condense  into  polymeric  "clusters"  with 
diameters  'anging  from  30-200  A  The  resorcinol-formaldehyde  (RF)  "clusters" 
contain  surface  functional  groups  (-CH2OH)  which  lead  to  further  crosslinking  and 
eventual  gel  formation. 

RF  gels  are  dark  red  in  color  and  transparent,  indicative  of  their  ultrafine  pore 
size.  If  -he  solvent  in  the  pores  of  the  gel  is  exchanged  with  a  monomer  such  as 
methyl  methacrylate,  it  is  possible  to  form  transparent  molecular  composites  by 
polymerizing  the  monomer  with  a  free-radical  initiator  or  UV  light.  The  final 
molecular  composite  consists  of  two  continuous  phases  with  pofy(methy! 
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methacrylate)  being  the  dominant  phase  (80-95%  by  volume). 

In  order  to  obtain  organic  aerogels,  the  RF  gels  are  hypercritically  dried  from 
carbon  dioxide.  The  resultant  aerogels  are  dark  red  in  color  and  transmit  light. 
Because  RF  aerogels  consist  of  a  highly  crosslinked  aromatic  polymer,  they  can  be 
pyrolyzed  in  an  inert  atmosphere  to  form  vitreous  carbon  aerogels.  In  a  sense,  both 
RF  and  carbon  aerogels  are  molecular  composites  with  air  being  the  dominant 
phase. 

The  particle  size,  cell  size,  density,  surface  area,  and  modulus  of  organic  aerogels 
largely  depend  upon  the  catalyst  concentration  (i.e.  Na2CC>3)  used  in  the  sol-gel 
polymerization.  In  this  paper,  the  chemical  manipulation  of  the  aerogel 
microstructure  will  be  discussed  in  detail.  Characterization  methods  include  TEM, 
BET  nitrogen  adsorption,  and  small  angle  scattering. 


GEL  PREPARATION  AND  DRYING 

Resorcinol  (99%  purity),  formaldehyde  (37.5%;  methanol  stabilized),  and  sodium 
carbonate  were  used  as  received  from  commercial  suppliers.  All  solutions  were 
prepared  from  water  which  had  been  deionized  and  distilled.  A  typical  gel 
formulation  contained  0.29M  resorcinol,  0.58M  formaldehyde,  and  1-6  mM  sodium 
carbonate  for  a  total  of  5%  solids.  The  molar  ratio  of  [formaldehyde] /[resorcinol]  was 
held  constant  at  a  value  of  2.0  for  all  formulations. 

RF  solutions  were  poured  into  glass  vials,  sealed,  and  cured  for  7  days  at  85-95  °C. 
Depending  upon  the  %  solids  and  the  catalyst  level,  gel  times  varied  from  several 
hours  to  days.  After  curing,  the  RF  gels  were  removed  from  their  glass  containers 
and  placed  in  a  dilute  acid  solution  (pH-2)  at  50  °C  to  promote  further  crosslinking. 
Gel  modulii  showed  a  noticeable  increase  after  the  add  treatment. 

In  preparation  for  hypercritical  drying,  the  gels  were  exchanged  into  an  organic 
solvent  (e.g.  acetone).  The  solvent-filled  gels  were  then  placed  in  a  jacketed  pressure 
vessel  (Polaron®,  Watford,  England)  which  was  subsequently  filled  with  carbon 
dioxide.  After  several  days  of  exchanging  the  RF  gels  with  fresh  carbon  dioxide,  the 
vessel  was  taken  above  the  critical  point  (Tc=  31  °C;  Pc=  1100  psi).  All  samples  were 
maintained  at  a  temperature  of  45  °C  for  a  minimum  of  4  hours  before  the  pressure 
was  slowly  released  over  a  period  of  16  hours.  At  atmospheric  pressure,  the  aerogels 
were  removed  from  the  vessel  and  characterized. 


RESULTS  AND  DISCUSSION 

In  a  manner  similar  to  silica  aerogels,  the  structure  and  properties  of  organic 
aerogels  depend  upon  the  amount  of  catalyst  used  in  the  sol-gel  polymerization. 
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Because  the  pH  of  the  RF  solution  decreases  as  the  polymerization  proceeds,  all 
formulations  are  referenced  by  the  [Resorcinol] /[Catalyst]  ratio  in  the  mixture.  R/C 
ratios  of  50-300  provide  an  acceptable  range  in  which  transparent  gels  are  formed. 

Resorcinol  reacts  with  formaldehyde  under  alkaline  conditions  to  form  mixtures 
of  addition  and  condensation  products  which  react  further  to  form  a  crosslinked 
network.  The  major  reactions  include:  (1)  the  formation  of  hydroxymethyl 
derivatives  of  resorcinol,  (2)  the  condensation  of  the  hydroxymethyl  derivatives  to 
form  methylene  and  methylene  ether  bridged  compounds,  and  (3)  the 
disproportionation  of  the  methylene  ether  bridges  to  form  methylene  bridges  plus 
formaldehyde  as  a  byproduct.  These  reactions  have  been  studied  extensively  by 
NMR  [3,4]. 

In  our  current  model  of  the  RF  polymerization,  the  base  catalyst  abstracts  a 
proton  from  one  of  the  hydroxyl  groups  on  resorcinol  to  form  the  corresponding 
anion.  Because  the  resorcinol  anion  is  much  more  reactive  than  free  resorcinol  in 
solution,  it  quickly  adds  formaldehyde  in  an  electrophilic  aromatic  substitution 
reaction  at  the  2,4  and/or  6  ring  positions.  Electrostatic  repulsion  retards  interaction 
between  the  charged,  substituted  resorcinol  molecules;  however,  additional 
monomers  (formaldehyde  and  resorcinol)  are  able  to  add  to  this  cluster.  The 
functionality  of  the  cluster  increases  as  resorcinol  is  covalently  attached;  therefore, 
the  probability  of  additional  monomers  reacting  with  the  cluster  increases. 
Titration,  chromatography,  and  NMR  data  show  that  resorcinol  is  the  first 
monomer  to  be  completely  consumed.  As  a  consequence,  only  formaldehye  is 
available  to  react  at  the  outer  surface  of  the  RF  clusters  forming  numerous 
hydroxymethyl  groups.  The  above  process  is  best  described  as  reaction  limited 
monomer-cluster  growth. 

The  R/C  ratio  in  a  particular  formulation  is  the  primary  factor  which  controls 
the  number  of  clusters  formed  in  solution  and  the  size  to  which  they  grow.  In  the 
late  stages  of  polymerization,  duster-cluster  growth  is  ultimately  responsible  for  gel 
formation  through  the  condensation  of  surface  iiydroxymethyl  groups.  In  terms  of 
growth  processes,  the  RF  reaction  is  similar  to  the  base  catalyzed  polymerization  of 
TMOS  [5-7], 

The  R/C  ratio  affects  both  the  density  and  surface  area  of  the  aerogels.  Table  1 
shows  the  final  density  of  both  RF  and  carbon  aerogels  made  from  solutions 
containing  5%  solids  but  varying  R/C  ratios.  In  all  cases,  some  shrinkage  occurs 
during  hypercritical  drying  and  the  final  densities  exceed  the  target  densities.  The 
greatest  amount  of  densification  occurs  for  gels  prepared  under  high  catalyst 
conditions  —  i.e.  low  R/C  ratios.  The  relationship  between  the  final  aerogel  density 
and  the  R/C  ratio  is  not  linear.  In  fact,  the  final  densities  plateau  at  a  value  -15% 
higher  than  the  theoretical  value  for  R/C  k  150. 


TABLE  I 


[Res]/[Cat] 

Target 

Density 

RF 

Density 

Carbon 

Density 

50 

0,05  g/cc 

0.088  g/cc 

0.205  g/cc 

100 

0.05 

0.067 

0.123 

150 

0.05 

0.057 

0.098 

200 

0.05 

0.057 

0.085 

300 

0.05 

0.064 

0.084 

0  50  100  150  200  250  300  350 

[Resorcinol]  I  [Catalyst] 


Figure  I.  Aerogel  surface  areas  as  a  function  of  the  R/C  ratio 
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If  the  RF  aerogels  are  pyrolyzed  at  1050  °C  in  argon,  the  final  carbon  densities  are 
still  a  function  of  the  initial  R/C  ratio.  The  %  mass  loss  is  ~50%  for  all  samples,  yet 
aerogels  synthesized  under  high  catalyst  conditions  experience  much  greater 
volumetric  shrinkage  (~75%)  during  pyrolysis  leading  to  higher  final  densities. 

The  BET  surface  areas  of  the  above  RF  and  carbon  aerogels  are  shown  in  Figure  1. 
The  observed  trend  shows  that  surface  areas  increase  as  the  amount  of  catalyst 
increases  in  a  formulation.  A  slightly  stronger  dependence  of  surface  area  upon  the 
R/C  ratio  is  observed  for  the  RF  aerogels  as  compared  to  the  carbon  aerogels. 

The  effects  of  the  R/C  ratio  upon  both  density  and  surface  area  suggest 
differences  in  the  RF  gel  structure  which  translate  to  the  final  dried  aerogel.  Figure 
2  shows  the  microstructure  of  two  RF  aerogels  synthesized  at  the  extremes  of  our 
catalyst  conditions.  Each  aerogel  is  composed  of  interconnected  colloidal-like 
particles  which  were  referred  to  as  "clusters"  in  solution.  At  R/C=300,  the  particles 
have  diameters  of  160-200  A  and  are  connected  in  a  "string  of  pearls"  fashion.  At 
R/C=50,  the  particles  have  diameters  of  30-50  A.  These  particles  are  fused  together 
in  such  a  manner  that  it  is  sometimes  difficult  to  visualize  individual  particles  or 
beads.  This  high  degree  of  interconnection  between  the  RF  particles  is  reflected  in 
mechanical  property  data  which  show  that  R/C=50  aerogels  are  10X  stiffer  than 
R/C=300  aerogels  at  equivalent  densities  18]. 


(a)  (b) 


500 A 

Figure  2.  Transmission  electron  micrographs  of  RF  aerogels  prepared 
at  5%  solids  with  different  [resorclnol]/[catalyst] 
ratios:  (a)  50  (b)  300. 
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Figure  3.  SAXS  curves  for  selected  RF  and  carbon  aerogels 

Densities  equal  0.065  and  0.085  g/cc,  respectively. 


Disordered  materials  such  as  aerogels  often  display  "dilation  symmetry"  which 
means  that  they  are  geometrically  self-similar  over  a  given  range  of  size  scales. 
Small  angle  scattering  can  be  used  to  evaluate  the  fractal  dimensions  (D,DS)  of  a 
material  [9-1 1J.  In  this  method,  fractals  show  a  power  law  dependence  of  the 
scattering  intensity  I(q)  on  the  scattering  vector,  q.  The  latter  quantity  is  defined 
such  that  q=  4?tA.  sin  (0/2)  where  \  is  the  wavelength  and  0  is  the  scattering  angle. 
For  fractals,  the  following  relationships  hold: 


Mass  Fractal 

Kq)  - 

-  q'D 

1<  D  <3 

(1) 

Surface  Fractal 

I(q)- 

-q-<6-Ds) 

3<  6-Ds  <4 

(2) 

Figure  3  shows  the  SAXS  curves  for  RF  and  carbon  aerogels  synthesized  at  R/C=300. 
At  large  q,  both  curves  roll  over  to  a  slope  of  -4  which  indicates  that  these  materials 
have  smooth  surfaces  on  a  microscopic  scale.  At  intermediate  q  values,  I(q)  does  not 


a. 
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show  a  power  law  dependence  for  either  curve.  The  above  data  indicate  that  these 
materials  are  not  surface  or  mass  fractals.  The  same  finding  applies  to  aerogels 
synthesized  at  other  catalyst  conditions.  Only  the  correlation  range,  which  relates  to 
the  median  pore  size,  changes  as  a  function  of  the  R/C  ratio.  This  data  and  other 
SAXS  results  will  appear  in  a  future  publication. 


SUMMARY 

Organic  aerogels  with  tailored  physical  properties  (e.g.  surface  area,  compressive 
modulus)  can  be  formed  from  the  sol-gel  polymerization  of  resorcinol  with 
formaldehyde.  In  this  reaction  ,  the  [Resorcinol] /[Catalyst]  ratio  is  responsible  for 
the  final  aerogel  microstructure.  Although  TEM  reveals  the  microstructure  of 
organic  aerogels  to  be  similar  to  silica  aerogels,  SAXS  data  show  that  these  materials 
differ  in  that  organic  aerogels  are  net  mass  or  surface  fractals. 
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ABSTRACT 

A  versatile  procedure  was  developed  for  synthesis  of  acrylic  comb-like 
copolymers  in  three  steps:  (1)  Hydroxyl  terminated  oligomers  were 
synthesized  from  methyl  methacrylate,  butyl  acrylate  and  glycidyl  acrylate 
by  free-radical  initiated  addition  polymerization  using  a  functional  chain 
transfer  agent,  2-mercaptoethanol,  and  very  low  initiator  levels.  (2)  The 
oligomers  were  converted  to  macromonomers  by  reaction  with  isocyanatoethyl 
methacrylate.  (3)  The  macromonomers  were  polymerized  by  free-radical 
initiation.  Conditions  during  the  first  stage  must  be  carefully  selected  to 
minimize  formation  of  difunctional  material  which  could  cause  gelation  in 
the  third  stage.  A  variety  of  structures  can  be  made  such  as  comb- like 
copolymers  with  homopolymer  tines  or  comb-like  homopolymers  with  copolymer 
tines.  Functional  groups  can  be  introduced  by  copolymerizing  glycidyl 
acrylate  into  the  macromonomer.  Assignment  of  comb-like  structures  is  not 
rigorously  proven  but  is  strongly  supported  by  the  synthetic  route  and  by 
DSC,  FT-IR  and  chromatographic  data. 

INTRODUCTION 

Comb-like  polymers  are  distinguished  from  graft  polymers  by  the  close 
and  regular  spacing  of  their  side  chains  and  from  star  polymers  by  the 
attachment  of  the  side  chains  to  a  polymeric  chain  rather  than  to  a  central 
core.  They  share  with  star  polymers  the  potentially  useful  property  of 
having  much  lower  solution  and  bulk  viscosities  than  linear  polymers  of 
similar  molecular  weight.  Comb-like  copolymers  are  generally  synthesized  by 
polymerization  of  macromonomers  --  oligomers  or  polymers  that  contain  a 
single  polymerizable  group  on  one  end.  Macromonomers  have  been  synthesized 
by  a  variety  of  techniques  (1]  involving  anionic  [2],  cationic  13),  and 
group  transfer  [A, 5]  polymerization. 

Until  recently  there  have  been  few  reports  of  synthesis  of 
macromonomers  by  routes  involving  free-radical  chain  polymerization.  If 
such  a  process  could  be  developed  it  would  open  an  economical  route  to  a 
very  wide  variety  of  comb-like  polymers  including,  possibly,  structures  that 
have  reactive  sites  for  subsequent  modification  or  cross-linking.  A  major 
obstacle  to  development  of  such  a  process  is  the  difficulty  of  attaching  a 
polymerizable  group  to  one  end  of  the  great  majority  of  macromonomer 
molecules  while  suppressing  the  formation  of  molecules  having  two  or  more 
reactive  groups.  A  macromonomer  contaminated  with  with  polyfunctional 
material  can  be  expected  to  gel  when  polymerization  is  attempted. 

In  1986  Albrecht  and  Wunderlich  shewed  that  these  difficulties  can  be 
overcome  in  the  case  of  £oly(methyl  methacrylate)  (6).  They  synthesized 
PMMA  macroraonomers  with  M  's  of  6500  to  23,000  by  free-radical 
polymerization  of  MMA  in  ¥he  presence  of  a  functional  chain  transfer  agent, 
2-mercaptoethanol  (2-ME),  followed  by  fractionation  and  reaction  of  the 
mono-hydroxy  functional  products  with  isocyanatoethyl  methacrylate  (ICEM). 
Polymerization  of  £hese  macromonomers  yielded  comb-like  polymers  with  M  's 
on  the  order  of  10  as  determined  by  light  scattering.  The  necessity  o¥ 
fractionation  may  limit  the  utility  of  this  metnod  to  relatively  high  T 
materials.  Thus  it  would  be  desirable  to  find  a  procedure  that  does  no? 
involve  fractionation. 
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Here  we  report  the  development  of  such  a  procedure  --  one  which  appears 
to  be  relatively  general  with  respect  to  monomer  selection  and  product  T  . 

It  will  be  shown  that  comb-like  copolymers  of  methyl  methacrylate  (MMA),® 
butyl  acrylate  (BA)  and  glycidyl  methacrylate  (GMA)  can  be  synthesized  by  a 
three-step  procedure  that  can  be  idealized  as  follows: 


I»  +  M  +  HOXSH  — >  IMMMMMMMMMMH  +  HOXSMMMMMMMMMMH  +  termination 
lmol  lOOOmol  lOOmol  lmol  98mol  products 

HOXSMMMMMMMMMMH  +  CH2=C(Me)C00YN«C-0  — >  CH2»C(Me)COOYNHCOOXSMMMMMMMMMMH 
ICEM  macromonomer 

CH2-C(Me)COOYNHCOOXSMMMMMMMMMMH  +  I»  - >  comb-like  copolymer 

(I*  *  initiator,  M  =  mixed  monomers,  X  and  Y  =  -CH2CH2-] 

The  first  step,  macromonomer  synthesis,  was  performed  under  these  conditions 

(1)  Solution  polymerization  in  toluene  at  108  -  110  °C  or  in  methyl 

isobutyl  ketone  at  80  to  90  °C. 

(2)  Monomer  starved  conditions. 

(3)  Low  levels  of  initiator  and  high  levels  of  chain  transfer  agent  -- 

for  example  a  1000/100/1  or  a  1000/50/1  mol  ratio  of 
monomer/2-ME/ initiator,  and 

(4)  Postheating  the  product  to  140  to  175  °C  in  most  cases. 

These  conditions  were  chosen  to  minimize  termination  by  combination 
(expected  to  lead  to  difunctional  materials)  and  to  virtually  eliminate 
unreacted  initiator  before  addition  of  ICEM.  Deviation  from  these 
conditions  generally  gave  materials  that  gelled  during  attempted 
polymerization  of  the  macromonomer. 

By  adhering  to  these  conditions  a  variety  of  structures  including 
homopolymeric  backbones  with  copolymeric  tines  and  copolymeric  backbones 
with  homo-  and  copolymeric  tines  were  synthesized. 

EXPERIMENTAL  DETAILS 

Details  can  be  found  in  the  Ph.D.  dissertation  of  G-F.  Chen  (7).  The 
synthetic  procedures  described  here  are  representative. 

Materials.  Reactants  were  generally  97  to  99  Z  grades  obtained  or 
purchased  from  commercial  sources  and  were  used  without  further 
purification.  Isocyanatoethyl  methacrylate  (ICEM)  was  obtained  from  Dow 
Chemical  Company,  which  no  longer  supplies  this  material;  other  sources  are 
said^to  exist.  "Aromatic  100"  is  a  mixed  alkyl  benzene  solvent,  bp  155  - 
177  C,  supplied  by  Exxon  Chemical  Company. 

Synthesis  of  Hydroxyl  Terminated  Homo-  and  Co-polymers  of  Methyl 
Methacrylate  (MMA)  and  Butyl  Acrylate  (BA).  Solutions  of  2-mercaptoethanol 
(2-ME)  and  2,2  -azobis( isobutyronitrile)  (AIBN)  in  the  monomer(s)  having  a 
monomer/ 2 -ME/AIBN  mol  ratio  of  1000/100/1  or  1000/50/1  were  added 
continuously  during  2.5  h  to  a  3-necked  reaction  flask  containing  refluxing 
toluene  in  a  N2  atmosphere.  The  weight  of  toluene  approximately  equalled 
the  weight  of  reactants.  Stirring  and  refluxing  were  continued  throughout 
the  addition  and  for  4  h  therafter.  A  sample  was  withdrawn  to 
gravimetrically  estimate  conversion  of  monomer  to  non-volatile  material; 
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conversion  varied  somewhat  but  typically  ran  60  to  80  7..  The  resulting 
solution  was  gradually  heated  to  160  -  170  C  and  stirred  under  a  nitrogen 
purge  to  volatilize  solvent  and  unreacted  monomers  and  to  decompose  residual 
initiator.  The  FT-IR  specta  had  substantial  peaks  at  about  3500  cm  (OH 
stretching)  and  were  otherwise  consistent  with  the  assigned  structures. 
Hydroxyl  number  determinations  by  the  pyromellitic  dianhydride/dimethyl- 
formamide  method  [8]  showed  in  most  cases  that  all  or  almost  all  of  the  2-ME 
could  be  accounted  for  in  the  non-volatile  material;  in  a  few  cases  small 
amounts  (<  10  X)  of  unreacted  2-ME  was  found  in  the  volatile  solvent/monomer 
distillate.  After  removal  of  volatiles  the  residues  were  dissolved  in 
sufficient  xylene  to  make  30  vt-X  solutions. 

In  other  experiments  methyl  isobutyl  ketone  was  substituted  for  toluene 
in  the  above  procedure  and  the  reaction  was  carried  out  at  80  to  90  C. 
Conversions  of  up  to  90  7.  were  attained  by  this  procedure. 

Synthesis  of  MMA  and  BA  Homo-  and  Copolymer  Macromonomers.  To  the 
above  solutions  were  added  isocyanatoethyl  methacrylate  (ICEM)  and  dibutyl 
tin  dilaurate  (DBTDL);  the  amount  of  ICEM  was  a  10  mol  7.  excess  over  the 
amount  of  2-M g  used  in  the  above  synthesis,  and  the  concentration  of  DBTDL 
was  4.7  x  10  wt  7..  The  total  concentrations  of  reactants  in  xylene  was 
about  30  wt  X.  The  solutions  were  heated  a|  55  C  with  stirring  overnight. 
Disappearance  of  the  FJ'-IR  peak  at  3500  cm  (OH)  and  appearance  of  peaks  at 
3350  (NH)  and  1640  cm  (urethane  C=0)  indicated  complete  reaction. 

Synthesis  of  Comb-like  Homo-  and  Copolymers.  AIBN  (2.5  mol/L)  was 
added  to  the  above  solutions,  and  the  solutions  were  heated  with  stirring 
under  N_  to  60  C.  The  solutions  became  very  viscous  within  5  to  10  min, 
and  heating  was  continued  briefly  and  the  solutions  were  cooled.  The 
solutions  often  gelled  when  lower  AIBN  concentrations  or  higher  temperatures 
were  used.  GPC  retention  times  of  the  comb-like  polymers  were  relatively 
short,  typically  22  to  24  minutes;  in  comparison,  retention  times  of  the 
hydroxyl  terminated  polymers  from  which  they  were  made  had  retention  times 
in  the  range  31  to  35  min.  The  comb-like  copolymers  contained  small  to 
modest  fractions  of  long  elution  time  material,  presumably  unreacted 
macromonomer  or  an  unreactive  fraction  present  in  the  macromonomer.  Typical 
GPC  traces  are  shown  in  Figure  1. 

Synthesis  of  Hydroxyl  Terminated  Copolymers  of  BA  with  Glvcidyl 
Acrylate  (GA)  and  Conversion  to  Macromonomers.  BA/GA  mixtures  (83/17  and 
67/33  w/w)  were  polymerized  by  procedures  essentially  the  same  as  those 
described  above  using  MIBK  as  solvent.  Reaction  temperatures  were  80  to  90 
C,  and  no  postheating  step  was  used  to  remove  solvent  and  unreacted 
monomers.  Conversions  were  84  to  88  %.  These  hydroxyl  terminated 
copolymers  were  reacted  with  ICEM  essentially  as  described  above  to  yield 
macromonomers . 

Synthesis  of  Comb-like  Copolymers  with  Mixed  Tines.  Mixtures  of  homo- 
and  copolymer  macromonomers  prepared  as  described  above  were  polymerized 
with  AIBN  under  conditions  similar  to  those  described  above.  In  some 
instances  it  was  necessary  to  heat  the  reaction  mixture  to  about  90  °C  to 
complete  polymerization,  as  indicated  by  GPC. 

Test  procedures.  Differential  scanning  calorimetry  (DSC)  was  effected 
with  a  du  Pont  Model  990  Thermal  Analyzer  using  samples  that  had  been  heated 
under  Nj  for  2  h  to  remove  volatiles.  Heating  rate  was  10  °C/min.  T  was 
taken  as  the  onset  of  the  endothermic  deflection.  Gel  permeation  ® 
chromatography  (GPC)  using  Waters  100A,  500A,  1000A  and  10000A  columns  in 
series;  the  solvent  was  tetrahydrofuran,  and  a  Waters  Model  R401  refractive 
index  detector  was  used. 
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RESULTS  AND  DISCUSSION 

The  synthetic  conditions  for  hydroxyl  terminated  polymers  were  devised 
after  a  good  deal  of  trial  and  error;  they  seem  reproducible  except  that 
monomer  conversions  vary.  This  variation  is  attributable  to  the  unusually 
low  levels  (0.07  wt  Z)  of  AIBN;  0.5  to  1.0  wt  %  is  commonly  used.  Five  such 
materials_made  with  1000/100/1  monomer/2-ME/AIBN  ratios  had  M  of  800  to 
1000  and  M  / M  of  1.6  to  2.2  as  measured  by  GPC;  conversions  were  68  to  100 
%.  Five  similar  materials  prepared  with  1000/50/1  ratios  had  M  of  1400  to 

2100  and  IT  / M  of  1.5  to  2.4  at  conversions  of  60  to  99  %. 
w  n 

Conversion  of  the  hydroxyl  terminated  polymers  to  macromonomers  by 
reaction  with  ICEM  and  polymerization  of  the  macromonomers  is  relatively 
straightforward  providing  hydroxyl  terminated  precursors  are  prepared  as 
described.  Substantial  deviation  from  the  recommended  procedure  generally 
afforded  precursors  that  caused  gelation  during  the  third  stage.  The 
recommended  procedures  yield  macromonoraers  that  do  not  gel,  although  they 
become  very  viscous  in  30  wt  Z  solution.  Some  difunctional  macromonomer  is 
presumably  present  and  causes  bridging  of  comb-like  structures,  but  its 
level  is  apparently  low  enough  that  gelation  can  be  avoided. 

GPC  traces  of  a  hydroxyl  terminated  poly(MMA/BA)  (70/30  w/w)  polymer 
and  of  the  comb-like  copolymer  made  from  it  are  shown  in  Figure  1.  In  this 
case  the  monomer/2-ME/AIBN  ratio  was  1000/100/1.  Retention  times  are  marked 
on  the  Figure,  and  molecular  weights  of  polystyrene  calibration  standards 
are  also  indicated.  While  it  is  likely  that  the  hydroxyl  terminated 
precursor  has  a  molecular  weight  close  to  the  indicated  level,  it  is  seems 
unlikely  that  the  molecular  weight  of  the  comb-like  copolymer  can  even  be 
estimated  in  this  way,  as  discussed  below. 

Figure  1.  GPC  Trace  of  an  Hydroxyl  Terminated  poly(MMA/BA)  Copolymer 
[A]  and  of  A  Comb- like  Copolymer  made  from  it  [B] 


Upper  Una.  Retention  tint*,  min. 

Lower  line:  Molecular  weight  of  polystyrene  atandarde 

With  the  objective  of  making  comb-like  copolymers  bearing  functional 
groups  as  potential  cross-linking  sites  we  investigated  copolymerization  of 
glycidyl  acrylate  into  the  hydroxyl  terminated  precursors.  Somewhat  milder 
reaction  conditions,  described  in  the  EXPERIMENTAL  SECTION,  were  used  in 
order  to  minimize  the  potential  for  side  reactions.  One  side  reaction  of 
concern  is  the  possibility  of  reaction  of  the  thiol  group  of  2-ME  with  the 
oxirane  ring  of  the  glycidyl  acrylate,  an  occurance  that  would  increase 
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functionality  of  the  hydroxyl  terminated  precursor  and  probably  lead  to 
gelation  in  step  three.  It  proved  possible  to  prepare  hydroxyl  terminated 
precursors  of  composition  BA/GA  in  ratios  83/ 1 7  and  67/33.  Successful 
conversion  of  these  materials  to  comb-like  copolymers,  indicated  that  the 
chain  transfer  reaction  is  much  faster  than  the  oxirane  addition  reaction 
and  consumes  virtually  all  of  the  2-ME. 

Availability  of  different  macromonomers  opens  possibilities  for 
synthesis  of  a  wide  variety  of  structures  involving  copolymerization  in  the 
first  stage  or  the  third  stage,  or  both.  For  example,  copolymerization  in 
the  first  stage  and  homopolymerization  in  the  third  will  yield  a  relatively 
uniform  comb-like  copolymer.  On  the  other  hand,  if  two  dissimilar 
macromonomers  from  the  first  stage  are  blended  and  then  polymerized  in  the 
third  stage,  a  comb-like  copolymer  with  homopolymer  tines  can  be  expected. 
Evidence  for  the  formation  of  such  materials  was  provided  by  differential 
scanning  calorimetry  (DSC)  studies  (Table  1).  Comb-like  MMA/BA  copolymers 
made  from  single  copolymeric  precursors  displayed  a  single  T  ,  while  comb¬ 
like  copolymers  of  similar  overall  composition  made  from  mixtures  of 
homopolymeric  precursors  ("comb-like  copolymers  with  homopolymer  tines") 
displayed  two  T  's,  one  presumably  related  to  the  T  of  the  BA  precursor  and 
the  other  to  thi  T  of  the  MMA  precursor.  However.^only  the  lower  T  's 
could  be  detected  ?n  the  comb-like  copolymers  with  a  homopolymeric  MftA  tine 
and  copolymeric  BA/GA  tines. 


Table  1 .  T  of  Selected  Hydroxyl  Terminated  Precursors  and 
o¥  Comb-Like  Copolymers 


Description 

Composition  (wt  ratio) 

Is 

(°C) 

P-MMA  precursor 

OH  terminated 

PMMA,  M  ca.  1000 

40 

P-BA  precursor 

OH  terminated 

PBA,  M  n  ca.  1000 

-60 

BA/GA  precursor  A 

OH  terminated 

BA/GA  83/17  copolymer 

-40 

BA/GA  precursor  B 

OH  terminated 

BA/GA  67/33  copolymer 

-35 

Comb-like 

MMA/ BA-30/70, 

copolymer  tines 

-15 

Comb- like 

MMA/BA-50/50, 

copolymer  tines 

8 

Comb- like 

MMA/BA-70/30, 

copolymer  tines 

24 

Comb- like 

MMA/BA-30/70, 

horoopolyroer  tines 

-44,  39 

Comb- like 

MMA/BA-50/50, 

homopolymer  tines 

-43,  29 

Comb- like 

MMA/BA-70/30, 

homopolymer  tines 

-49,  39 

Comb- like 

MMA  homopol . , 

BA/GA  83/17  copolymer 

-22 

Comb- like 

MMA  homopol.. 

BA/GA  67/33  copolymer 

-17 

Control 

MMA/BA/HEMA-40/40/20  random  copolymer 

26 

Gel  permeation  chromatography  calibrated  with  lineaj:  polystyrene 
standards  indicated  molecular  weights  on  the  order  of  10  for  the  comb-like 
copolymers,  but  little  meaning  is  assigned  to  the  absolute  values.  It  is 
well  known  (6,9)  that  the  hydrodynamic  volume  of  highly  branched  polymers  is 
much  lower  than  that  of  similar  polymers  of  the  same  molecular  weight.  Thus 
correlation  of  GPC  retention  times  of  comb-like  polymers  with  those  of 
linear  standards  can  be  expected  to  understate  the  molecular  weight  of  the 
comb-like  materials.  For  example,  Albrecht  ang  Wunderlich  measured 
moleculaj  weight  of  their  comb-like  PMMM  as  10  by  light  scattering  but  only 
4.5  x  10  by  GPC,  and  Masson  reported  similar  differences. 

Retention  times  were  shorter  for  polymers  made  at  lower  (60  vs.  90  °C) 
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stage-three  polymerization  temperatures,  indicating  that,  on  a  relative 
basis,  lower  temperatures  favor  higher  molecular  weight  comb-like 
copolymers.  A  recent  kinetic  study  of  free-radical  copolymerization  of 
macromonomers  showed  that  the  reactivity  of  a  growing  chain  with  a 
macromonomer  end  toward  a  second  macromonomer  decreases  as  molecular  weight 
increases. [ 10)  This  observation  is  attributed  to  a  kinetic  excluded  volume 
effect.  In  the  context  of  the  present  study,  this  result  is  consistent  with 
the  assignment  of  comb-like  structures  for  the  third-step  products  but 
suggests  that  further  study  of  how  reaction  conditions  affect  molecular 
weight  are  warranted. 


CONCLUSIONS 

Here  we  have  demonstrated  an  apparently  versatile  procedure  for 
synthesis  of  short  chain  acrylic  macromonomers  by  a  free-radical  initiated 
chain  transfer  process.  These  materials  can  be  converted  to  an  almost 
limitless  variety  of  comb-like  polymers  and  copolymers.  Reactive  functional 
groups  can  be  incorporated  by  copolymerization  of  glycidyl  acrylate. 
Assignment  of  comb-like  structures  is  not  rigorously  proven  but  is  strongly 
supported  by  the  synthetic  route  and  by  DSC,  FT-IR  and  chromatographic  data. 
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ABSTRACT 

A  block  copolymer  consisting  of  liquid  crystalline  polyester  segments 
and  methylated  polyamide  segments  has  been  synthesized.  Solution  poly¬ 
condensation  of  acid  chloride  end-capped  poly(terephthaloyl 
phenylhydroquinone)  (LCP  portion)  with  an  amine  terminated  poIy(N,N'- 
dimethylethylene  sebacamide)  was  utilized  to  prepare  the  block  copolymer. 
Characterization  by  differential  scanning  calorimetry,  infrared  spectroscopy, 
thermogravimetric  analysis,  optical  microscopy  and  elemental  analysis  has 
been  performed  to  verify  the  existence  of  the  block  copolymer  that  may  have 
potential  as  a  molecular  composite  material  or  self-reinforcing  thermoplastic. 


INTRODUCTION 

Much  of  the  high  strength/high  modulus  composites  currently  available 
stem  from  the  use  of  macrophase  reinforced  materials  such  as  fiber  reinforced 
composites  and  self  reinforced  thermoplastics  where  the  reinforcement  fiber 
phase  is  on  the  order  of  microns  in  diameter.  Although  these  composite 
systems  have  attained  widespread  use  as  high  strength  materials,  their 
strengths  have  been  limited  due  to  fiber  imperfections,  the  tendency  of  the 
fibers  to  fibrillate  and  poor  interfacial  adhesion  between  the  fiber 
reinforcement  and  matrix  phase. 1  It  is  believed  that  reinforcement  on  a  much 
finer  scale  GO  -  30  nm  or  less)  would  result  in  more  efficient  reinforcement  and 
create  stronger  materials. 2  These  types  of  materials  have  been  termed 
molecular  composites. 

Molecular  composites  have  been  found  to  possess  very  high  strength  and 
stiffness.  Hwang  and  coworkers3  prepared  molecular  composites  by  solution 
blending  poly(p-phenylenebenzobisthiazole)  (PPBT)  and  poly(2,5(6')-benzimid- 
azole)  (ABPBI)  (30/70).  Spun  fibers  of  this  blend  were  found  to  have  a  Young's 
modulus  of  117.0  GPa  and  a  tensile  strength  of  1270  MPa.  Molecular 
composites  also  require  much  less  reinforcement  loading  for  equivalent 
strength.  Takayanagi2  used  solution  blending  techniques  to  prepare 
molecular  composites  of  poly(p-phenyleneterephthalamide)  (PPTA)  with  nylon 
6  and  nylon  66.  He  reported  that  this  material,  which  contained  only  a  few 
percent  rigid-rod  molecules,  displayed  the  same  mechanical  properties  as 
fiber  reinforced  plastics  which  employ  40  percent  fiber  reinforcement. 

The  majority  of  work  on  molecular  composites  is  being  done  on  solution 
blended  systems.  While  these  systems  have  been  successful  in  achieving  high 
strength  molecular  composites,  the  technique  has  limited  process'  ’g  potential 
and  requires  large  amounts  of  harsh  solvents.  It  would  be  more  desirable  to 
have  a  truly  melt  processible  molecular  composite  capable  of  'in  situ'  fiber 
formation  of  the  reinforcement  phase  during  processing.  One  possible  route 
for  obtaining  such  a  material  may  be  through  the  use  of  block  copolymers  of 
the  reinforcing  rigid-rod  phase  with  the  flexible-coil  matrix  phase.  This 
chemical  attachment  could  act  to  anchor  the  reinforcement  phase  to  the 
matrix,  creating  a  strong  interfacial  bond  between  the  two  phases.  Also, 
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chemically  linking  the  two  incompatible  polymers  would  provide  the  driving 
force  for  intermixing,  resulting  in  better  dispersion. 4 

The  work  presented  here  involves  the  solution  polymerization  of  a  block 
copolymer  of  a  rigid-rod  segment  and  a  flexible-coil  segment.  The  rigid-rod 
polymer  used  was  a  liquid  crystalline  polyester  (LCP)  (III)  of  phenyl- 
hydroquinone  (PHQ)  (I)  and  terephthaloyl  chloride  (TPC)  (II)  and  the  flexible- 
coil  polymer  was  poly(N,N'-dimethylethylene  sebacamide)  (VI)  prepared  from 
sebacoyl  chloride  (IV)  and  N,N'-dimethylethylenediamine  (V).  This  work 
represents  the  initial  effort  in  our  attempt  to  create  a  melt  processible 
molecular  composite  material  where  the  reinforcing  phase  forms  an  'in  situ' 
fiberous  network  during  processing  with  diameters  in  the  range  of  10  -  30  nm 
or  less. 


EXPERIMENTAL 

An  oven  dried,  200  ml  round  bottom,  three  necked  flask  was  equipped 
with  a  gas  inlet  valve,  a  mechanical  stirrer  and  a  stopper.  A  0.06  wt  % 
PHQ/tetrachloroethane  (TCE)  solution  was  slowly  added  to  a  0.04  wt  % 
TPC/TCE  solution  containing  10  %  molar  excess  TPC  and  150%  pyridine  (acid 
acceptor)  over  a  period  of  about  1  to  1 .5  hours.  The  reaction  mixture  was  left  to 
stir  for  about  24  hours.  One  half  of  the  LCP  solution  was  precipitated  in  about 
400  ml  acetone.  The  precipitate  was  then  washed  with  acetone  and  dried.  The 
remaining  half  of  the  reaction  mixture  was  immediately  used  to  prepare  the 
block  copolymer  with  half  of  the  N-methylated  polyamide  reaction  mixture  as 
described  below. 


H  +  ci-c-Q- 


o 

II 

c-ci 


I 


II 


An  oven  dried,  200  ml  round  bottom,  three  necked  flask  was  equipped 
with  a  gas  inlet  valve,  a  mechanical  stirrer  and  a  stopper.  A  0.04  wt  %  N,N'- 
dimethylethylenediamine/TCE  solution  containing  150%  pyridine  was  cooled 
down  to  approximately  -15  °C.  To  the  resulting  cooled  solution,  10%  molar 
excess  sebacoyl  chloride  was  quickly  added  while  rapidly  stirring.  The 
stirring  was  continued  for  approximately  24  hours  while  the  reaction  mixture 
was  allowed  to  gradually  warm  to  room  temperature.  Half  of  the  polyamide 
solution  was  worked  up  for  analysis.  The  remaining  half  was  immediately 
used  to  prepare  the  block  copoly^  er  with  half  of  the  LCP  reaction  mixture 
from  the  reaction  described  previously. 


a  -a 

IV 


+ 


CH. 

I  ' 

H— N-CHrf— CH<— N— H 


Preparation  of  the  block  copolymer  was  achieved  through  a  nucleophilic 
acyl  substitution  reaction  between  the  acid  chloride  terminated  liquid 
crystalline  polyester  and  the  amine  terminated  polyamide  oligomers.  The  half 
of  the  polyamide  reaction  mixture  remaining  in  the  reaction  flask  was  stirred 
while  the  remaining  liquid  crystalline  polyester  portion  was  quantitatively 
transferred  to  the  polyamide  reaction  flask.  After  24  hours,  the  copolymer 
product  was  worked  up  for  analysis  by  precipitating  in  approximately  500  ml 
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acetone.  The  precipitate  was  filtered,  washed  with  acetone  and  dned  in  a 
vacuum  oven. 


RESULTS  AND  DISCUSSION 
Infrared  spectroscopy 

Infrared  spectra  were  obtained  on  a  Nicolet  60  SX  FT-IR  spectrometer. 
The  most  significant  absorption  of  the  N-methylated  polyamide  homopolymer 
was  due  to  the  N-C=0  carbonyl  stretch  of  the  amide  group  at  1643  cm-1  (Fig. 
1).  Also  significant  in  this  spectrum  is  the  absence  of  an  absorption  at  1715 
cm-1  which  would  correspond  to  carboxylic  acid  endgroups.  In  contrast  to  the 
spectrum  of  the  N-methylated  polyamide,  the  spectrum  of  thr  'P  showed  a 
strong  absorption  band  at  1734  cm-1  due  to  the  0-C=0  carboi  stretching  of 
the  ester  group  (Fig.  1).  A  small  but  important  absorption  occurred  at  1793  cm- 
1.  This  was  due  to  the  C1-C=0  acid  chloride  carbonyl  stretch  of  the  acid 
chloride  endgroups. 
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Fig.  1  Carbonyl  stretch  region  of  FT-IR  spectra 
for  homopolymers  and  block  copolymer. 
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In  addition  to  other  characteristic  absorption  bands  from  each  of  the 
homopolymers,  the  spectrum  of  the  block  copolymer  shows  absorptions  due  to 
the  carbonyl  stretch  of  both  the  LC  polyester,  at  1734  cm-1,  and  the  N- 
methylated  polyamide,  at  1643  cm-1  (Fig.  i).  The  absence  of  the  1793  cm-1 
absorption  due  to  the  acid  chloride  carbonyl  stretch  of  the  LC  polyester 
endgroups  indicates  that  copolymerization  of  the  two  oligomers  has  occurred. 
In  addition,  the  inability  to  extract  the  polyamide  from  the  product  clearly 
demonstrates  that  it  is  indeed  a  copolymer.  Because  of  the  extremely  high 
solubility  of  the  polyamide  in  many  common  solvents,  any  oligomer  not 
chemically  joined  to  the  LCP  block  would  have  been  washed  away  during 
precipitation  of  the  copolymer  product  or  during  Soxhlet  extraction  of  the 
copolymer  product.  In  fact,  Soxhlet  extraction  in  methanol,  a  very  good  solvent 
for  the  polyamide,  resulted  in  no  significant  weight  loss.  These  two  points 
combined  with  the  FT-IR  spectra  provide  strong  evidence  that  the  two 
segments  were  indeed  chemically  bonded. 


Differential  scanning  calorimetry 

Differential  scanning  calorimetry  was  performed  on  a  Perkin-Elmer 
Series  7000  Thermal  Analyzer  equipped  with  a  DSC  cell.  The  rate  at  which  the 
experiments  were  carried  out  was  20  °C/min.  The  DSC  thermograms  of  the 
second  heating  and  cooling  for  the  homopolymers  and  the  block  copolymer  is 
shown  in  Fig  2.  The  thermograms  of  the  N-methylated  polyamide 
homopolymer  showed  no  first  order  transitions,  indicating  that  this  is  an 
amorphous  material  with  a  glass  transition  temperature  of  approximately  -10 
°C.  This  is  expected  because  of  the  disruption  of  hydrogen  bonding  due  to  the 
N-methyl  groups. 

The  DSC  thermograms  of  the  LCP  homopolymer  showed  a  small  glass 
transition  at  a  temperature  of  135  °C.  On  heating,  the  thermograms  showed 
an  endotherm  due  to  the  crystal  to  nematic  transition  and  an  exotherm  on 
cooling  corresponding  to  the  reverse  nematic  to  crystal  transition.  The 
thermogram  of  the  second  heating  of  the  block  copolymer  indicated  a  glass 
transition  temperature  of  120  °C.  At  higher  temperatures,  the  thermogram 
showed  only  a  small,  broad  crystal  to  nematic  endotherm  if  any  at 
approximately  300  °C.  On  cooling,  The  thermogram  of  the  block  copolymer  did 
not  show  any  clear  transitions,  but  the  absence  of  a  recrystallization  exotherm 
is  noted.  At  this  time  it  is  not  fully  understood  why  a  recrystallization 
exotherm  is  not  seen  upon  cooling. 


Optical  microscopy 

Dark  field  microscopy  was  performed  on  a  Nikon  optical  microscope 
equipped  with  cross  polars,  a  hot  stage  and  a  Lintam  TH600  temperature 
controller.  As  in  the  DSC  experiments,  the  samples  were  heated  and  cooled  at 
a  rate  of  20  °C/min.  The  microscopy  of  the  liquid  crystalline  polyester 
homopolymer  showed  a  birefringent  material  that  remained  solid  to  a 
temperature  of  about  330  °C  at  which  point  it  started  to  melt.  The  molten  liquid 
remained  highly  birefringent  with  a  texture  similar  to  nematic  liquid 
crystalline  polymers.  Furthermore,  this  birefringence  can  be  enhanced  upon 
shearing  the  LCP  between  two  glass  coverslides. 

The  microscopy  of  the  block  copolymer  was  much  more  complex  than 
the  LCP  homopolymer.  At  approximately  270  °C  there  existed  an  isotropic 
liquid  phase  surrounding  a  solid  anisotropic  phase.  When  the  temperature 
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reached  330  °C,  the  anisotropic  phase  began  to  fragment  and  disperse  into  the 
isotropic  phase.  As  the  temperature  was  held  isothermally  at  340  °C,  the  LCP 
phase  slowly  dissolved  into  the  isotropic  phase  to  create  a  one  phase,  slightly 
birefringent  system.  Shearing  the  block  copolymer  at  this  temperature  did  not 
enhance  the  birefringence.  Upon  cooling,  however,  the  birefringence  of  the 
LCP  was  able  to  be  shear  induced  starting  at  about  300  °C.  In  the  absence  of 
shear,  small  highly  birefringent  specks  of  the  LCP  phase  began  to  precipitate 
out  of  the  one  phase  'solution'  at  approximately  285  °C. 


Fig.  2  DSC  thermograms  of  2nd  heat  and  cool 
for  homopolymers  and  block  copolymer. 


304 


Elemental  analysis 

The  elemental  analysis  results  of  the  LCP  homopolymer  showed  that  it 
contained  the  following  percentages  of  each  element:  72.47  %  carbon;  3.66  % 
hydrogen;  19.54  %  oxygen  and  4.25  %  chlorine.  These  percentages  correspond 
most  closely  with  the  number  of  repeat  units  being  five  or  n  =  5.  This  indicates 
that  the  LCP  homopolymer  has  an  Mn  of  approximately  1780  g/mol.  The 
percentages  of  the  elements  contained  in  the  N-methylated  polyamide 
homopolymer  were  found  to  be  as  follows:  50.67  %  carbon,  10.00  %  hydrogen, 
18.20  %  oxygen  and  10.69  %  nitrogen.  Because  this  polymer  does  not  contain 
unique  endgroup  elements,  the  results  for  this  segment  are  not  conclusive. 
However,  these  percentages  best  correspond  to  an  N-methylated  polyamide 
with  ten  repeat  units  or  m  =  10,  which  corresponds  to  an  Mn  of  about  2630 
g/mol. 


CONCLUSION 

It  has  been  demonstrated  that  a  solution  polycondensation  reaction 
between  sebacoyl  chloride  and  ten  percent  excess  of  N,N'-dimethylethylene 
diamine  has  been  employed  to  prepare  a  low  molecular  weight,  telechelic 
polyIN.N'-dimethylethylene  sebacamide)  with  reactive  amine  endgroups.  In  a 
similar  reaction,  a  low  molecular  weight,  telechelic  liquid  crystalline  polyester 
with  reactive  acid  chloride  ends  was  prepared  from  phenylhydroquinone  and 
terephthaloyl  chloride.  Due  to  a  stoichiometric  imbalance  in  the 
copolymerization  reaction,  an  ABA  type  block  copolymer  composed  of  flexible 
polyamide  blocks  (B)  and  rigid  LCP  blocks  (A)  has  successfully  been  prepared 
through  a  solution  polycondensation  reaction  between  the  reactive  endgroups 
of  the  telechelic  homopolymers.  The  existence  of  the  block  copolymer  was 
verified  by  a  combination  of  infrared  spectroscopy,  differential  scanning 
calorimetry,  optical  microscopy,  elemental  analysis  and  solvent  extraction.  In 
each  of  these  techniques,  the  results  of  the  block  copolymer  were  quite  different 
from  those  of  a  physical  blend  of  the  two  homopolymers. 
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ABSTRACT 

A  series  of  thin  films  composed  of  liquid  crystalline  polymer  (LCP) 
and  low  molecular  weight  liquid  crystal  (LMWLC)  was  prepared  by  a  solvent¬ 
casting  method  or  by  a  bar-coating  method.  LCPs  were  of  mesogenic  side 
chain  type  with  strong  or  weak  polar  terminal  groups  in  the  side  chain 
portion.  A  mixture  of  smectic  LCP  (LCP  with  side  chain  of  strong  polar 
end)  and  nematic  LMWLC  formed  a  smectic  phase  in  a  LCP  weight  fraction 
range  above  50  X,  Also,  a  mixture  of  nematic  LCP  (LCP  with  side  chain  of 
weak  polar  end)  and  nematic  LMWLC  with  strong  polar  group  induced  a  new 
smectic  phase  in  a  LCP  molar  fraction  range  of  20-80  X.  Reversible  and 
bistable  electro-optical  effects  based  on  light  scattering  were  recognized 
for  a  smectic  phase  of  a  binary  composite  composed  of  LCP  and  LMWLC.  A 
light  scattering  state  caused  by  many  fragmented  smectic  lamellae  appeared 
in  the  case  of  application  of  an  a.c.  electric  field  below  a  threshold 
frequency  (M  Hz).  Furthermore,  application  of  a  100  Vp_p  a.c.  field  of 
1  kHz  made  the  transmission  light  intensity  increased  to  94  X  within  a  few 
seconds.  The  optical  heterogeneity  in  a  smectic  layer  composed  of  the  side 
chain  group  of  LCP  was  caused  by  the  difference  of  two  forces  based  on  both 
dielectric  anisotropy  of  the  side  chain  and  electrohydrodynamic  motion  of 
the  main  chain.  Since  application  of  a  low  frequency  electric  field  causes 
an  ionic  current  throughout  the  mixture  film,  it  is  reasonable  to  consider 
that  an  Induced  turbulent  flow  of  main  chains  by  an  ionic  current  collapsed 
a  fairly  well  organized  large  smectic  layer  into  many  small  fragments, 
resulting  in  an  increase  in  light  scattering.  The  response  speed  of  LCP 
upon  application  of  an  electric  field  increased  remarkably  by  mixing  LMWLC. 
In  the  case  of  a  smectic  mesophase,  turbid  and  transparent  states  remained 
unchanged  as  it  was,  even  though  after  removing  an  electric  field. 

Such  a  bistable  and  reversible  light  switching  driven  by  two  different 
frequencies  of  electric  field  could  be  newly  realized  by  both 
characteristics  of  turbulent  effect  of  a  well  organized  large  smectic  layer 
of  LCP  and  rapid  response  of  LMWLC.  We  believe  that  the  LCP/LMWLC  mixture 
system  is  promissing  as  a  novel  type  of  "light  valve"  exhibiting  memory 
effect  (bistable  light  switching). 


Key  Words:  polymer/( liquid  crystal)  composite,  self-supported  liquid 
crystalline  film,  light-intensity  control,  bistable  light 
switching,  memory  light  valve,  large  area  display 


INTRODUCTION 

Recently,  functional  characteristics  of  low  molecular  weight  liquid 
crystals  (LMWLCs)  have  been  studied  in  many  fields  because  of  their  unique 
orientation  behavior  and  hydrodynamic  properties.  Orientation  of  nematic 
LMWLCs  is  easily  controlled  by  applying  electric  or  magnetic  fields.  The 
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molecular  axes  of  LMWLCs  with  positive  dielectric  anisotropy  orient  along 
the  direction  of  an  applied  electric  field. 

The  authors  have  reported  on  preparation  methods  of  polymer /LMWLC 
composite  films  as  novel  permselective  membranes  [  1  —  7  ].  Polymer /LMWLC 
composite  films,  in  which  LMWLC  is  embedded  in  a  three  dimensional  network 
of  polymer  matrix,  exhibit  a  distinct  Jump  in  permeability  since  an  abrupt 
change  in  thermal  molecular  motion  occurs  at  the  crystal-liquid  crystal 
phase  transition  temperature,  TK^.  The  characteristic  orientation  and  the 
hydrodynamic  properties  of  nematic  LMWLC  materials  can  be  applied  for  the 
control  of  permeation  of  molecules  or  ions[8-15j.  The  authors  have  also 
demonstrated  that  K  permeation  through  a  crown-ether-containing  composite 
film  is  largely  governed  by  the  dispersion  state  (homogeneous  or  phase- 
separated)  of  the  immobilized  crown  ether [16-18  ]. 

Thermotropic  liquid  crystalline  polymers  with  mesogenic  side  chain 
groups  have  both  characteristics  of  polymer  and  liquid  crystal.  Recently, 
electro-optical  properties  of  thermotropic  LCP  have  been  studied 
extensively.  Since  LCP  in  a  mesomorphic  state  are  more  viscous  than  LMWLC, 
the  magnitude  of  response  time  of  LCP  to  an  external  stimulation  such  as 
electric  or  magnetic  fields  is  much  greater  than  that  of  LMWLC.  Reversible 
and  bistable  electro-optical  effect  based  on  light  scattering  was 
recognized  for  a  smectic  phase  of  a  binary  composite  composed  of  LCP  and 
LMWLC[ 19-2 1  ].  Also,  various  types  of  po lymer/LMWLC  composite  system  have 
been  reported  as  large-area  and  flexible  light-intensity  controllable  films 
(light  valve) [22-27 ] . 

In  this  study,  large-area  and  flexible  sel f-supported  LC  films  in  a 
smectic  liquid  crystalline  state  were  prepared  from  a  mixture  of  side  chain 
type  LCP  and  LMWLC.  Aggregation  state,  phase  transition  behaviors  and 
reversible  and  bistable  electro-optical  effect  of  the  mixture  system  have 
been  investigated. 


EXPERIMENTAL 

The  chemical  structures  of  the  side  chain  type  LCP  and  LMWLC  are  given 
in  Figure  1.  LCP  with  side  chain  of  strong  polar  end  was  PCPHS  of  which 
the  main  chain  of  poly(methylsiloxane)  and  the  side  chain  of  mesogenic 
group  were  linked  by  a  flexible  aliphatic  spacer  (m»6).  PCPHS  was  used  in  a 
smectic  liquid  crystalline  state.  Also,  LCP  with  side  chain  of  weak  polar 
end  was  PMPPS  of  which  liquid  crystalline  state  was  nematic.  LMWLCs  used 
were  CPHOB  and  50CB.  CPHOB  have  a  chemical  structure  similar  to  that  of 
the  side  mesogenic  group  of  PCPHS. 

The  phase  transition  behaviors  and  the  aggregation  state  of  the 
LCP/LMWLC  composites  were  investigated  on  the  basis  of  differential 
scanning  calorimetry  (DSC),  polarizing  optical  microscopy  (POM)  and  X-ray 
diffraction  study. 

In  order  to  investigate  electro-optical  effect,  the  LCP/LMWLC 
composites  were  sandwiched  between  the  two  ITO-coated  glass  plates  which 
were  transparent  electrodes.  The  distance  between  the  two  electrodes  were 
maintained  by  the  PET  spacer  of  A  ym  thick  with  a  hole  of  about  0.16  cm  . 
Under  an  a.c.  electric  field,  a  change  of  the  transmission  light  intensity 
through  the  cell  was  detected  by  means  of  a  photodiode  and  was  recorded 
with  digital  storage  oscilloscope .  The  incident  light  source  was  He-Ne 
laser. 
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1.  liquid  crystalline  polymer 

(a)  m=3  poly(4-cyanophenyl  4'-propyloxy 

benzoate  methyl  slloxane)  (PCPPS) 

S-361-1  (Tg=293K) 

m=6  poly(4-cyanophenyl  4'-hexyloxy 
benzoate  methyl  siloxane)  (PCPHS) 

K-297-S-421-1  (Tg=260K) 

lt!‘o - L 

\(CH2fe0O-C-0OCN  /n 
0 

(b)  po1y(4-methoxyphenyl  4‘-propyloxy 
benzoate  methyl  slloxane)  (PMPPS) 

N-334-1  <Tfl=288K) 


(CH,)3-0-{3'C-°-O'0CH: 


2.  liquid  crystal 

(a)  4-cyanophenyl  4*-hexyloxy  benzoate 
CHriCH^oOC-OOCN  k-339-nP3Hs°8,) 

0 

(b)  4-cyano  4'-pentyloxy  biphenyl  (SOCB) 

K-321-N-341-I 


C5H,i-0-(  % 


-CN 


Figure  1  Chemical  structures 
of  liquid  crystalline  polymers 
and  low  molecular  weight 
liquid  crystals. 


RESULTS  AND  DISCUSSION 

1.  The  composite  system  composed  of  PCPUS/CPHOB 

Figure  2  shows  the  phase  diagram  of  the  PCPHS/CPHOB  composite  which 
was  obtained  on  the  basis  of  DSC,  POM  and  X-ray  studies.  The  glass 

transition  temperature,  Tg  of  PCPHS  decreased  with  an  increase  of  CPHOB 

ratio.  This  decrease  in  Tg  might  be  caused  by  plasticizing  effect  of 
CPHOB.  Endothermic  peaks  attributed  to  both  the  crystal-mesophase 
transition,  TKM  of  the  side  chain  of  PCPHS  and  that  of  CPHOB  were  observed 
in  temperature  ranges  of  around  295-305  K  and  315-335  K,  respectively. 
This  result  suggests  that  the  composite  forms  the  phase-separated  structure 
below  of  CPHOB,  T^(M),  that  is,  the  PCPHS  and  the  CPHOB  rich  phases. 

Since  only  one  endothermic  peak  attributed  to  the  mesophase-isotropic 
transition,  T^j  was  observed,  the  composite  forms  homogeneously  mixed 

mesomorphic  phase  (molecular  dispersion  state)  above  Tjxu(M).  Therefore, 

CPHOB  is  miscible  over  a  whole  concentration  range  or  PCPHS  in  both 
isotropic  and  mesomorphic  states.  These  conclusions  were  also  confirmed  by 
POM  observation.  In  order  to  investigate  the  aggregation  state  of  the 
PCPHS/CPHOB  composite,  the  X-ray  diffraction  studies  were  carried  out  at  a 
temperature  range  above  TKM(M)  and  below  TMI  (denoted  by  "(B)  Mesophase"  in 
Figure  2).  The  sharp  low  angle  X-ray  diffraction  with  a  d-spacing  of  about 
3.06  nm  corresponding  to  a  smectic  layer  spacing,  was  observed  in  a  weight 
fraction  range  of  CPHOB  below  40  wt%.  In  the  case  above  60  wtX  of  CPHOB, 
this  sharp  X-ray  diffraction  disappeared  and  the  diffuse  diffraction  was 
observed  because  the  mesomorphic  state  of  the  composite  was  nematic.  In  the 
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Figure  2  The  phase  diagram  of  the 
PCPHS/CPHOB  composite  system. 


Voltage/V 

Figure  3  applied  voltage 
dependence  of  tr  for  the 
PCPHS/CPHOB  composites 
Tc  is  the  pahse  transition 
temperature  between  mesomorphic 
and  istropic  states. 


cases  of  PCPHS  and  the  PCPHS/CPHOB-(80/20)  composite,  the  weak  second  order 
diffraction  corresponding  to  a  smectic  layer  was  also  observed.  The  second 
order  diffraction  Intensity  of  the  (80/20)  composite  became  stronger  than 
that  of  PCPHS.  These  results  Indicate  that  mixing  CPHOB  of  about  20  wtX  to 
PCPHS  makes  the  regularity  of  smectic  layer  Increased.  Then,  a  smectic 
phase  certainly  existed  in  a  mesophaae  region  below  the  CPHOB  fraction  of 
40  wtX  and  in  the  case  above  the  CPHOB  fraction  of  60  wtX,  the  mesophase  of 
the  composite  was  nematic. 

We  Investigated  an  electro-optical  effect  of  the  PCPHS/CPHOB  mixture 
system  based  on  birefringence.  The  composite  film  was  sandwiched  between 
the  two  ITO-coated  glass  plates  of  which  the  surfaces  had  been  rubbed  In 
one  direction  to  obtain  a  homogeneous  alignment  of  the  mesogenlc  group.  An 
application  of  a.c.  electric  field  of  1  kHz  to  the  mixture  film  resulted  in 
a  decrease  of  transmission  light  intensity  under  the  crossed  polarizers  due 
to  reorientation  of  the  mesogenlc  group  from  a  homogeneous  alignment  to  a 
homeotroplc  one.  The  response  time,  t R,  was  defined  as  the  time  period  for 
which  transmission  light  Intensity  dropped  to  50  X  after  applying  an 
electric  field.  Figure  3  shows  logxR-log  V  plots  for  various  PCPHS/CPHOB 
mixture  systems  with  different  mixing  ratios,  xg  Increased  remarkably  by 
mixing  CPHOB.  The  response  time  was  Inversely  proportional  to  the  2nd  power 
of  the  magnitude  of  electric  field.  This  response  characteristic  indicates 
that  driving  force  for  reorientation  of  the  mesogenlc  group  of  crystalline 
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PCPHS/CPHOB  Mixture  Systems 

(1)  80/20  (Smectic)  Memory  Effect 

200V  0.1Hz  ,, 

64V.  ,0sec  6% 

200V  1kHz 
7.5min 

(2)  60/40  (Smectic)  Memory  Effect 

100V  1Hz  a 

9WC  IQOV^kHz  5% 

3  sec 


(3)  50/50 

94  V.  - 


No  Memory  Effect 
' - —  43V. 


^<XOff  Off/?’ 

30V  IkHz^v.  y/lW  DC. 

600ms^87V.X  700ms 

(4)  40/60  (Nematic)  No  Memory  Effect 

95  V.  ,  Qc - >  40V. 

30V  1kHz\v  /AW  D  C. 
100ms  \  847.7  50ms 


Figure  A  Change  of  turbid- 
transparent  states  and  rise- 
response  times  for  the 
smectic  and  nematic  PCPHS/ 
CPHOB  composites  under 
various  conditions  of  an 
a.c.  and  d.c.  electric  fields. 


molecules  is  attributable  to  the  dielectric  anisotropy  of  a  LC  molecule. 

The  electro-optical  effect  based  on  light  scattering  was  also  studied 
under  various  conditions  of  an  a.c.  electric  field.  The  samples  were 
sandwiched  between  the  two  non-treated  ITO-coated  glass  plates. 
Transmission  light  intensity  of  He-Ne  laser  through  the  mixture  film  of 
PCPHS/CPHOB  without  any  optical  polarizers  was  measured  by  photodiode.  The 
distance  between  the  mixture  film  and  the  photodiode  was  305  mm.  In  this 
measurement,  the  rise-response  time  was  conventionally  defined  as  the  time 
period  being  necessary  for  a  change  from  10  %  to  90  %  of  transmission  light 
intensity.  The  as-cast  PCPHS/CPHOB  (60/A0)  mixture  system  of  4pm  thick  in 
a  smectic  state  transmitted  86  %  of  an  incident  light  of  He-Ne  laser.  As 
shown  in  Figure  A,  the  transmittance  of  incident  light  strikingly  decreased 
to  5  X  after  applying  an  a.c.  100  V  of  1  Hz  due  to  a  remarkable  increase 
of  light  scattering.  Furthermore,  application  of  an  a.c.  100  V  of  1  kHz 
made  the  transmittance  increased  to  9A  X  within  a  few  seconds.  The  degree 
of  light  intensity  difference  (contrast)  between  light  scattering  (turbid) 
and  non-scattering  (transparent)  states  could  be  changed  reversibly  by 
imposing  an  electric  field  with  different  frequencies.  Even  if  an  electric 
field  was  removed,  each  turbid  and  transparent  state  remained  unchanged  as 
it  was,  indicating  bistable  light  switching.  In  the  case  of  the 
PCPHS/CPHOB  (A0/60)  mixture  film  in  a  nematic  state,  the  response  speed 
became  much  faster  than  that  for  the  PCPHS/CPHOB  (60/A0)  mixture  film  in  a 
smectic  state.  However,  both  the  transparent  and  turbid  states  could  not 
be  maintained  without  continuous  application  of  an  electric  field.  That 
is,  there  was  no  memory  effect  in  the  case  of  the  PCPHS/CPHOB  mixture  film 
in  a  nematic  state.  The  proposed  molecular  aggregation  states  are 
schematically  illustrated  in  Figure  5  for  the  turbid  and  transparent 
cases.  Since  an  application  of  a  low  frequency  electric  field  induces  an 
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Reversible  A  Bistable  Light  Switching 
by  (Liq.  Cryst.Polym.)/(  Low  Mol.  Wt.  Liq.Cryst.)  Comp.  Systems 

As-cast  - >  Low  Freq.  < - >  High  Freq. 

(ionic  current )  (no  ionic  current ) 


(1)  Random  (2)Turbulent  Flow  (3)Homeotropic 
T=  86*/.  5*/.  94*/. 

Figure  5  Schematic  illustration  of  turbid  and  transparent 
states  for  the  PCPHS/CPHOB  composite  system  under  different 
frequencies  of  an  a.c.  electric  field. 


ionic  current  throughout  the  mixture  film,  it  is  reasonable  to  consider 
that  an  induced  turbulent  flow  by  an  ionic  current  collapsed  a  fairly  well 
organized  large  smectic  layer  into  many  small  fragments.  This  induces  an 
increase  in  light  scattering  and  also,  a  decrease  of  transmittance  up  to  5 
%  (from  (1)  to  (2)  in  Figure  5).  Since  a  high  frequency  electric  field 
does  not  induce  an  ionic  current,  a  large  scale  homeotropic  alignment  of 
smectic  layer  is  easily  formed  by  dielectric  characteristics  of  the 
mesogenic  group  of  the  composite,  increasing  the  transmittance  up  to  94  X 
owing  to  a  remarkable  reduction  of  spatial  distortion  of  smectic  directors 
and/or  optical  boundaries  (mismatch  of  refractive  Indices)  (from  (2)  to 
(3)).  Such  a  bistable  and  reversible  light  switching  driven  by  two 
different  frequencies  could  be  newly  realized  by  both  characteristics  of 
turbulent  effect  of  LCP  main  chain  and  rapid  response  of  LMWLC.  We  believe 
that  the  LCP/LMWLC  mixture  system  is  useful  as  a  novel  type  of  "light 
valve"  exhibiting  memory  effect  (bistable  light  switching). 


2.  The  composite  system  of  PMPPS/50CB 

PMPPS  is  nematic  liquid  crystalline  polymer  with  side  chain  of  weak 
polar  end.  It  has  been  reported  that  a  binary  mixture  of  nematic  LMWLCs 
with  both  strong  and  weak  polar  ends  gives  an  induced  smectic  phase.  In 
this  study.  It  has  been  investigated  that  this  rule  can  be  applicable  to  a 
binary  mixture  of  side  chain  type  liquid  crystalline  polymer  (LCP)  with 
side  chain  of  weak  polar  end  and  LMWLC  with  strong  polar  group,  which 
individually  exhibit  a  nematic  phase.  LCP  was  polysiloxane  which  attached 
a  terminal  weak  polar  mesogenic  unit  of  side  chain  (PMPPS)  and  LMWLC  was 
M1CB.  The  chemical  structures  of  PMPPS  and  50CB  are  shown  in  Figure  l. 
i'ho  characteristic  X-ray  diffraction  patterns  of  nematic  PMPPS  and  30CB 
wore  broad  and  obscure  as  shown  in  Figure  6.  The  PMPPS/50CB  (50/50  in 
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-  0.44nm 
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-0.44nm 


j—  2.66nm 


50CB 


-0.44nm 

1.3nm 
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4.2nm 


PMPPS/50CB 

50/50 

Figure  6  Schematic  representation 
of  x-ray  diffraction  patterns  of 
PMPPS  (nematic),  50CB  (nematic) 
and  the  PMPPS/50CB  (50/50  mol  %) 
(Induced  smectic)  composite. 


50CB  mol% 


Figure  7  The  phase  diagram  of  the 
PMPPS/50CB  composite. 


molZ)  composite  exhibits  sharp  Debye  rings  which  indicate  an  induced 
smectic  phase.  A  d-spacing  of  4.2  nm  may  correspond  to  a  repeating 
distance  of  a  mesogenic  side  group  composed  of  PMPPS  and  50CB.  The  sharp 
X-ray  diffraction  rings  resulting  from  a  smectic  layer  were  observed  for 
the  PMPPS/50CB  composite  systems  of  which  the  fraction  ranges  80/20-20/80 
(molZ).  Therefore,  PMPPS  is  fairly  miscible  with  50CB  and  the  binary 
mixture  exhibits  an  induced  smectic  phase  over  a  wide  range  of  component 
fraction . 

The  phase  diagram  of  PMPPS/50CB  of  Figure  7  was  obtained  on  the  basis 
of  DSC  and  POM  studies.  Tg  of  LCP  decreased  from  288  K  to  244  K  by 
addition  of  50CB.  A  decrease  of  Tg  may  be  caused  by  a  plasticizing  effect 
of  50CB.  The  narrow  biphasic  nematic-isotropic  region  of  about  3  K  wide, 
where  the  nematic  and  isotropic  phases  coexist,  could  be  recognized  by  POM 
observation.  An  induced  smectic  phase  appears  in  a  range  of  80/20-20/80  of 
PMPPS/50CB. 

The  electro-optical  effect  of  the  PMPPS/50CB  mixture  based  on  light 
scattering  was  also  investigated  under  various  conditions  an  a.c. 
electric  field.  Figure  8  shows  the  electro-optical  effects  of  PMPPS,  50CB 
and  the  PMPPS/50CB  (50/50)  composite.  In  the  cases  of  electro-optical 
measurements  of  PMPPS  and  50CB,  there  have  been  observed  no  distinguishable 
optical  change  and  a  little  change  of  transmittance  of  about  8  X  upon  on- 
and  off-  electric  fields,  respectively.  On  the  other  hand,  the  PMPPS/50CB 
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Figure  8  Electro-optical 
effect  of  PMPPS ,  50CB  and 
the  PMPPS/ 50CB  (50/50) 
composite  under  low  and 
high  frequencies  of  an 
a.c.  electric  field. 

The  applied  voltage  was 
200  Vp_p  and  the  cell 
thickness  was  16  pm. 


reversible  light  switching 
driven  by  two  different  frequencies  of  an  a.c.  electric  field  in  a  similar 
fashion  to  the  PCPHS/CPHOB  composite  system.  In  a  low  frequency  range  of 
about  0.01  Hz,  an  application  of  an  electric  field  above  the  threshold 
voltage  induced  strong  light  scattering  state  due  to  a  remarkable  increase 
of  optical  heterogeneity  being  attributable  to  many  collapsed  fragments  of 
smectic  layer.  This  might  be  caused  by  a  strong  turbulent  flow  of  main 
chain  by  ionic  materials.  Also,  in  a  high  frequency  range  above  10  Hz,  the 
transmittance  increased  up  to  98  X  since  a  well  organized  homeotropic 
alignment  was  formed  by  dielectric  characteristics  of  the  composite.  The 
reversible  turbid-  transparent  change  upon  an  application  of  electric  field 
of  low  and  high  frequencies,  respectively,  can  be  explained  schematically 
by  Figure  5.  Both  transparent  and  turbid  (light  scattering)  states  could 
be  stored  stably,  eventhough  an  electric  field  was  turned  off.  Both  rise 
and  decay  response  times  were  in  a  range  of  several  seconds. 

The  above  results  indicate  that  the  rule  of  an  induced  smectic  phase 
to  a  binary  LMWLC  mixture  is  also  maintained  to  the  PMPPS/50CB  mixture 
system  and  an  Induced  smectic  phase  of  the  PMPPS/LMWLC  composite  system 
makes  us  expect  that  its  electro-optical  effect  is  promissing  as  a  novel 
type  of  memory  display  (bistable  light  switching). 


(50/50)  composite  exhibited  a  bistable  and 
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Abstract 

The  surface  properties  of  symmetric  microphase  separated  diblock  copolymers  of  polystyrene 
(PS)  and  polymethylmethacrylate  (PMMA)  were  investigated  using  X-ray  photoelectron 
spectroscopy  (XPS),  the  specular  reflectivity  of  neutrons  and  s>“-  ondary  ion  mass  spectrometry 
(SIMS).  PS,  the  lower  surface  energy  component,  exhibited  a  preferential  affinity  for  the  free 
surface.  For  copolymers  that  are  far  from  the  bulk  microphase  separation  transition  (MST),  the 
surface  consists  of  a  layer  of  pure  PS.  When  the  system  is  close  to  the  MST  the  surface  is  a 
mixture  of  PS  and  PMMA.  The  PS  surface  excess  can  be  described  by  a  N  ,f2  dependence, 
where  N  is  the  number  of  segments  that  comprise  the  copolymer  chain.  It  is  shown  that  the 
surface  undergoes  an  ordering  transition  at  a  temperature  T,  that  is  above  that  of  the  bulk  MST. 
The  ordering  of  the  bulk  lamellar  morphology  is  induced  by  an  ordering  at  the  surface.  This  is 
analogous  to  the  ferromagnetic  order  observed  in  systems  such  as  Gd  at  temperatures  above  the 
bulk  Curie  temperature.  The  results  here  are  discussed  in  light  of  previous  work  on  copolymer 
surfaces  and  in  light  of  mean  field  theory. 
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Introduction 

Diblock  copolymers  are  technologically  an  important  class  of  materials.  They 
behave  like  surfactants,  analogous  to  the  way  in  which  soap  molecules  behave  at  oil  water 
interfaces.  Because  of  this  they  are  used  to  promote  adhesion  between  the  phases  of  immiscible 
polymers  and,  hence  to  improve  the  mechanical  properties  of  these  systems.  Due  to  their 
unique  surface  properties  block  copolymers  are  used  in  a  variety  of  biomedical  and 
microelectronic  applications. 

The  inherent  incompatibility  between  the  components  of  a  block  copolymer  chain 
necessarily  induces  microphase  separation  at  temperatures  below  the  bulk  microphase 
separation  transition  (MST).  Unlike  A-B  polymer-polymer  mixtures  the  phases  are  unable  to 
grow  very  large  because  of  the  connectivity  of  the  components.  The  resulting  spatially  periodic 
phases  that  form  exhibit  varying  symmetries  (cubic,  cylindrical,  double  diamond  and  lamellar) 
that  lower  the  free  energy  of  the  system  [1-3],  The  symmetry  of  a  given  copolymer  system  is 
dictated  by  the  relative  length  of  each  constituent.The  total  number  of  segments,  N,  that 
comprise  each  chain,  determine  the  size  of  the  phases.  The  bulk  properties  of  diblock 
copolymers  are  well  understood.  However,  the  surface  properties  of  these  materials  are  less 
well  understood. 

It  is  well  documented  in  multicomponent  systems  that  the  lowest  surface  energy 
component  preferentially  segregates  to  a  free  surface  in  order  to  minimize  the  total  free  energy 
of  the  system  [4],  Block  copolymers  are  no  exception.  Indeed,  the  surface  segregation  of 
polymeric  molecules  is  expected  to  be  more  severe  than  that  which  occurs  in  small  molecule 
systems  since  the  combinatorial  entropy  of  mixing  in  these  systems  is  very  small  (~1/N). 

Much  of  the  early  work  on  copolymer  surfaces  was  performed  using  contact  angle 
[5]  and  surface  tension  measurements  [6],  The  data  obtained  using  these  techniques,  though 
useful,  provided  limited  information.  For  example,  information  concerning  concentration 
profiles  in  the  near  surface  region  of  the  copolymers  could  not  be  obtained.  More  recent 
techniques  include  X-ray  photoelectron  spectroscopy  (XPS)  [7-11],  ion  scattering 
spectroscopy  (ISS),  transmission  electron  microscopy  (TEM)  [12,13],  neutron  reflectivity 
[14,15]  and  secondary  ion  mass  spectrometry  (SIMS)  [16].  These  techniques  provide  an 
additional  means  by  which  polymer  surfaces  may  be  better  understood. 

The  experiments  on  copolymer  systems,  using  TEM,  XPS,  contact  angle  and 
surface  tension  measurements,  showed  that  the  lower  surface  energy  component  of  the 
copolymer  chain  exhibits  a  preferential  affinity  for  the  free  surface.  In  some  systems,  such  as 
the  polystyrene/polydimethyl  siloxane  (PS/PDMS)  [10]  system,  XPS  studies  showed  that  the 
lower  surface  energy  component,  PDMS  in  this  case,  completely  covered  the  surface.  In  other 
systems,  such  as  the  PS/polyethylene  oxide  (PEO)  [8]  system,  both  phases  were  observed  to 
coexist  at  the  surface.  The  extent  of  the  segregation  in  these  and  all  other  systems  studied 
previously  can  not  be  correlated  with  the  surface  energy  differences  between  the  components  as 
one  might  anticipate.  There  have  been  a  number  of  reasons  presented  to  explain  this 
behavior.The  morphology  of  the  system  could  play  a  crucial  role.  In  the  case  of  the  PS/PEO 
system,  PEO  crystallizes  upon  evaporation  of  the  solvent  used  to  cast  the  films  and  the 
crystallization  kinetics,  evidently,  affects  the  mobility  of  the  PS  chains  thereby  prohibiting  the 
PS  chains  from  migrating  to  the  surface.  While  this  may  be  true  of  systems  where  one 
component  crystallizes,  there  are  other  cases,  such  as  the  bisphenoI-A-polycarbonate 
(BAPC)/PDMS  system  [7],  in  which  both  components  are  observed  at  the  surface.  Gaines  1 17] 
suggested  that  the  criterion  for  liquid  spreading  should  explain  the  descrepancy  of  whether  the 
surface  is  covered  by  one  component  or  both.  We  will  show  later  that  this  criterion  is 
inadequate  for  a  description  of  copolymer  surfaces. 

Here  the  general  question  of  what  controls  the  surface  composition  of  diblock 
copolymers  is  addressed.  Why  in  some  cases  do  both  components  appear  at  the  surface  while 
in  others  only  one  component  is  observed?  It  is  also  shown  that  in  this  diblock  system  the 
interactions  between  the  molecules  in  the  near  surface  region  are  modified  such  that  they  are 
weaker  than  in  the  bulk.  The  near  surface  region  is  shown  to  order  at  a  temperature  above  the 
bulk  MST.  This  phenomenon  has  been  observed  in  rare  earth  metals  that  exhibit  ferromagnetic 
order  [18,19]. 
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Experimental 

A  series  of  symmetric  diblock  copolymers  of  PS  and  polymethylmethacrylaie 
(PMMA),  each  comprised  of  N  segments,  where  N  ranged  from  275  to  5600,  were  studied 
Further  details  about  the  polymers  may  be  found  elsewhere  [21].  These  copolymers  were 
chosen  since  they  all  exhibit  a  lamellar  morphology  below  the  bulk  MST  and  the  glass 
transition  temperatures  of  PS  and  PMMA  are  similar.  The  condition  for  microphase  separation, 

which  varies  depending  on  the  bulk  morphology,  is,  for  a  lamellar  phase,  xN=10.5,  where  x 
is  the  Flory-Huggins  interaction  parameter  [20]. 

The  bulk  properties  of  these  systems  were  well  characterized  using  small  angle 
X-ray  scattering  (SAXS)  [21,22],  secondary  ion  mass  spectrometry  (SIMS)  [16]  and  neutron 
reflectivity  [14,15],  The  surface  and  near  surface  properties  of  these  systems  were 
characterized  using  XPS  [23,24]  and  neutron  reflectivity  [14,15]. 

XPS 

The  XPS  measurements  have  been  described  in  detail  elsewhere  [23,24],  therefore 
the  description  will  be  brief.  High  resolution  XPS  spectra  were  obtained  using  a  Kratos 
XSAM800  spectrometer  (fixed  retardation  ratio  mode)  and  a  hemispherical  analyzer  with  a  high 

resolution  band  pass  energy  of  lOeV.  A  non-monochromatized  300  watt  MgKa  source  was 
used. 

Samples  were  prepared  using  three  different  procedures.  Films  ~5pm  thick  were 
prepared  using  solvent  casting  techniques.  In  some  cases  the  mutual  solvent  ,  toluene,  was 
allowed  to  evaporate  rapidly  in  air  while  in  other  cases  the  solvent  was  allowed  to  evaporate 
slowly.  Slow  evaporation  of  the  solvent  was  accomplished  by  placing  films  in  an  environment 
where  the  vapor  pressure  of  toluene  was  high.  Another  series  of  films  were  prepared  by  first 
allowing  the  solvent  to  evaporate  and  then  annealing  them  at  170°C  for  many  hours  so  that  they 
reached  equilibrium. 

Spectra  were  recorded  at  normal  angles  to  the  sample  surface  and  at  70°,  45°  and 
20°  with  respect  to  the  surface  normal.  The  spectra  of  pure  PS  and  of  pure  PMMA  served  as  a 
basis  for  the  analysis  of  the  PS-PMMA  copolymers.  The  spectra  obtained  were  in  good 
quantitative  agreement  with  those  found  in  the  literature  [25]. 

Following  X-ray  satellite  subtraction  and  the  subtraction  of  the  background,  the 
spectra  were  fitted  using  Gaussian  line  shapes  with  a  FWHM  of  1.5eV.  Figure  la  shows  the 
Ols  doublet  peaks  of  pure  PMMA.  The  solid  line  drawn  through  the  data  is  a  convolution  of 
two  peaks,  one  at  energy  533.8  eV  and  the  other  at  535.4  eV,  representing  the  C=0  and  C-O-C 
bonding  environments,  respectively.  Figure  lb  shows  a  typical  Ols  doublet  peak  of  a 
PS-PMMA  copolymer.  The  relative  fractions  of  both  components  at  the  surface  were 
determined  using  two  independent  procedures  which  yielded  results  that  were  in  excellent 
agreement.  The  first  procedure  was  to  divide  the  area  of  the  Ols  profile  of  the  copolymer  with 
that  of  pure  PMMA;  this  yielded  the  surface  fraction  of  PMMA.  The  second  procedure 
involved  recognizing  that  the  contribution  of  PS  to  the  Cls  profile  is  twice  that  of  PMMA  and 
that  the  fraction  of  PS  plus  the  fraction  of  PMMA  is  unity. 

Neutron  Reflectivity 

The  technique  of  neutron  reflectivity  is  briefly  described  below  since  its  use  in  the 
area  of  polymers  is  new.  A  more  detailed  description  may  be  found  in  the  literature  1 14,  15, 
26,  27],  Consider  the  diagram  shown  in  Figure  2  where  neutrons  impinge  on  a  sample  surface 

at  glancing  angles,  8.  Neutrons  are  reflected  at  the  corresponding  angle  9. The  neutron 
momentum  normal  to  the  sample  surface  is 

ko.,  =  Y«n0  (1) 

where  X  is  the  wavelength  of  the  neutrons.  If  the  neutrons  penetrate  a  medium  characterized  by 
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Figure  1: 


a)  Normal  angle  (90°)  XPS  Ols  profile  of  PMMA.  This  solid  line  is  a 
convolution  of  two  symmetric  peaks  representing  the  C-O-C  and  C=0  bonding 
environments.The  dots  represent  the  data. 

b)  Typical  normal  angle  Ols  profile  of  a  PS-PMMA  copolymer. 


Figure  2:  Schematic  ot  the  Neutron  Reflectivity  experiment. 
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a  scattering  length  density  of  (b/V)j  then  the  neutron  momentum  in  the  medium  is 


ki,= 


(2) 


Wc  may  now  consider  the  case  where  the  scattering  length  density  in  the  film 
varies  as  a  function  of  depth  in  the  film.  Here  the  film  is  divided  into  j  layers,  each  of  thickness 
dj  and  of  scattering  length  density  (b/V)j;  the  substrate  is  designated  as  the  j+1  th  layer.  d. 
should  be  sufficiently  thin  in  order  to  closely  approximate  the  varying  scattering  length  density 
of  the  real  system.  If  the  reflectance,  or,  equivalently,  the  reflection  amplitude,  from  an 
interface  is  r'J  J+1,  where  f  jj+i=  (k]Z-kJ+lz)/(kJZ+kJ+u),  then  the  reflection  coefficient  of  the  j 
th  layer  is 


r'  ,  +  r'  ,  exp(2  i  d  k ) 

r.  =  _ldi _ iJlL-ll _ UL  (3) 

h’j  1  +  r'  r'  .  ,  exp(2idk) 
j-ij  j.H  i  j 

This  recursion  relation  can  be  used  to  calculate  the  reflection  coefficient  of  the  j- 1  th  layer  by 
replacing  j-1  with  j-2  and  j  with  j- 1 .  The  recursion  is  continued  until  the  reflection  coefficient. 
r0  j,  at  the  free  surface  is  obtained.  The  reflectivity  is 

R<ko)  =  ro.,ro.t  w 

One  obtains  from  this  experiment  the  reflectivity,  R,  as  a  function  of  the  neutron  momentum, 
k0,  which  can  be  compared  to  the  experimentally  determined  profile. 

The  reflectivity  measurements  were  performed  at  the  National  Institute  of 
Standards  and  Technology.  The  neutrons  were  of  wavelength  X=2.35A  with  A  U  A.  =0.02.  The 

reflectivity  profiles  were  obtained  by  varying  8  in  order  to  change  the  neutron  momentum. 
More  details  of  the  experiment  may  be  found  elsewhere  [  14,15). 

Results  and  Discussion 

Bulk  properties  of  the  Copolymers 

All  the  copolymers  studied  here  exhibit  a  lamellar  morphology  in  the  bulk.  This 
has  been  verified  using  SAXS  [22),  SIMS  (16)  and  neutron  reflectivity  [14,15).  When  films  of 
these  copolymers  are  cast  from  toluene,  a  mutual  solvent,  the  lamellae  are  randomly  oriented, 
as  shown  by  ion  beam  analysis  measurements  (16,21,22).  The  degree  of  orientation  of  the 
lamellae  improves  if  the  solvent  evaporation  rate  is  very  slow.  Under  equilibrium  conditions 
the  lamellae  are  aligned  parallel  to  the  sample/substrate  and  air(vacuum)/sample  interfaces,  as 
shown  by  SIMS  and  reflectivity.  The  kinetics  of  the  alignment  process  has  been  studied  using 
SIMS  and  neutron  reflectivity.The  alignment  process  begins  at  the  interfaces  and  then 
propagates  through  the  bulk.  The  kinetics  of  the  alignment  process  is  a  strong  function  of  N, 
the  rate  decreases  as  N  increases. 

It  is  also  clear  from  these  measurements  that  for  a  copolymer  with  an  interlamcllar 
spacing  of  L  and  volume  fractions  of  PS  and  PMMA  of  0.5,  the  thickness  of  the  layers 
adjacent  to  the  interfaces  is  L/4,  see  Fig.  3.  The  width  of  the  interfaces  between  the  phases  is 
E=50A  and  is  independent  of  N.  Fig.  4  shows  a  typical  reflectivity  profile  of  a  microphase 
separated  copolymer.  The  inset  in  the  figure  shows  the  scattering  length  density  profile  used  to 
calculate  the  reflectivity  profile,  represented  by  the  line  in  the  figure.  The  SAXS  and  reflectivity 
measurements  show  that  L  increases  with  N“,  as  shown  in  Fig.  5.  The  solid  line  drawn 
through  the  data  has  a  slope  of  2/3  and  the  broken  line  1/2,  The  value  of  a,  obtained  from  the 
slope,  should,  in  principle,  indicate  the  degree  of  segregation  in  these  systems,  a=l/2  for  a 
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igure  3: 


gure  4: 


Typical  reflectivity  profile  of  a  microphase  separated  diblock  copolymer  Ih 
inset  represents  the  scattering  length  density  profile  used  to  obtain  the  solid  liu 
drawn  through  the  data. 
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weakly  segregated  system  and  0=2/3  for  a  highly  segregated  system.  However  the  limited 
range  of  N  precludes  a  precise  determination  of  this  exponent. 

A  very  important  question,  related  to  the  subsequent  discussion  on  surfaces, 
concerns  the  proximity  to  criticality  (MST)  of  some  of  these  systems.  An  indication  of  this  can 
be  obtained  by  looking  at  the  ratio  2E/L,  the  volume  fraction  of  the  sample  occupied  by  the 
interface,  as  a  function  of  N  (Figure  4).  For  the  N=275  chain  the  ratio  is  0.6  and  for  the 
longest  chain  0.1.  Based  on  measurements  of  the  scattering  length  densities,  the  shorter 
copolymer  chain  systems  were  found  to  be  phase  mixed.  This  is  strong  evidence  that  these 
shorter  chain  systems  are  weakly  segregated,  ie.  close  to  the  MST.  The  much  longer  chains  are 
in  the  strong  segregation  limit.  In  principle  one  could  determine  the  degree  of  segregation  by  an 

analysis  based  on  the  value  of  a.  The  analysis  of  the  2E/L  ratio  and  the  fact  that  the 
components  are  phase  mixed  is  a  much  more  accurate  indicator  of  the  proximity  of  the  system 
to  the  MST  than  the  determination  of  the  exponent  a. 

Surface  Ordering  in  Diblock  Copolymers  (Theory) 

Recently  Fredrickson  (27]  developed  a  theory  that  addresses  surface  ordering  in 
diblock  copolymer  systems  near  the  weak  segregation  limit  (2E/L  is  large).  The  system  is 
considered  to  exhibit  a  lamellar  morphology  below  the  bulk  below  the  MST  An  expansion  of 

the  free  energy  is  made  in  terms  of  an  order  parameter  y(r),  which  is  the  local  deviation  of  the 
average  density  of  the  A  component  from  its  bulk  value.  The  perturbing  effect  of  the  surface  on 
the  bulk  is  expressed  in  terms  of  a  "bare"  surface  energy  term,  expressed  in  terms  of  a  surface 
free  energy  density 

f„<V)  =  (-H  y(r)  +  a  rVr)/2/N->  (5) 

H  and  a  are  phenomenological  parameters  that  describe  the  effects  of  the  surface  potential  on 
the  bulk  thermodynamic  potential.  Both  H  and  a  are  defined  such  that  they  are  proportional  to 
N  (27].  H  is  a  field  that  may  be  related  to  a  chemical  potential,  or  surface  energy  difference, 
that  favors  one  component  at  the  surface;  it  is  assumed  to  be  small.  In  the  PS/PMMA  system 
the  surface  energy  difference  is  less  than  1  dyne/cm  |29],  The  parameter  a  describes  die  way  in 
which  the  surface  potential  modifies  the  interactions  between  the  molecules  in  the  near  surface 
region. 

It  is  often  justified  to  neglect  the  effect  of  surfaces  on  the  bulk  properties  of 
materials  since  the  number  of  atoms  at  a  surface  is  considerably  lower  than  that  in  the  bulk. 
Near  critical  points,  however,  where  the  correlation  length,  or,  equivalently,  the  concentration 
fluctuations,  become  very  large,  decoupling  of  the  surface  and  bulk  properties  may  not  be 
justified.  An  example  of  this  occurs  when  a>0.  Here  the  local  interaction  parameter,  in  the 

vicinity  of  the  surface,  Xioc.^Xbuik'  where  ybulk  is  the  interaction  parameter  in  the  bulk.  In  this 

case  the  surface  orders  at  a  temperature,  Ts,  above  Tb,  that  of  the  bulk  (x~l/T).  The  ordering  at 
the  surface  can  then  induce  ordering  in  the  bulk.  On  the  other  hand  the  interactions  at  the 
surface  may  be  sufficiently  enhanced  that  a<0  or  a=0.  For  a<0,  XiOCai>Zbuik  <Tb>Ts)  and  1,10 
bulk  may  induce  ordering  at  the  surface.  For  a=0,  the  surface  and  bulk  order  spontaneously 

There  are  analogies  between  polymer  surfaces  and  Ising  ferromagnets  |28(.  In 
surface  critical  behavior  of  some  systems  that  exhibit  magnetic  order  it  is  customary  to  refer  to 

a  surface  extrapolation  length,  X  [18].  In  the  case  of  polymer  surfaces  X=B/a,  where 
B1/2-N'^  is  a  measure  of  the  range  of  interactions  between  the  molecules  in  the  system. 
Physically,  X  represents  the  depth  of  the  region  beneath  the  surface  where  effects  due  to  the 
surface  potential  are  important.  X  should  be  on  the  order  of  a  statistical  segment  length. 

The  manner  in  which  the  N  dependence  of  the  surface  excess,  y,,  of  the  more 
surface  active  species,  was  calculated  from  Fredrickson's  work  was  discussed  previously 
[23,24].  It  was  shown  that 
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V^A-PN'tf  (6) 

The  coefficients  A=HX/B=H/a  and  p=2.7A2A.  It  is  clear  that  the  slope  of  a  y  j  versus  N  l/2 
plot  should  show  how  the  interactions  in  the  vicinity  of  the  surface  are  modified. 

Surface  Composition  (Experiment) 

The  surface  composition  of  the  copolymer  films  was  found  to  be  controlled  by  the 
rate  at  which  the  solvent  evaporated  during  the  preparation  of  the  films,  as  shown  in  Figure  6. 

The  triangles  represent  the  PS  surface  fraction,  of  the  films  produced  by  the  rapid  solvent 
evaporation  process  and  the  circles  represent  that  of  the  samples  produced  using  the  slow 
solvent  evaporation  process.  The  average  surface  fraction  of  PS  obtained  for  the  samples 
produced  using  the  slow  solvent  evaporation  process  is  higher  than  that  obtained  for  the  other 
solvent  cast  films.  As  mentioned  earlier,  the  systems  produced  using  a  rapid  solvent 
evaporation  process  are  characterized  by  randomly  oriented  microdomains  [21,22]  where  some 
are  oriented  peipendicular  to  the  free  surface.  The  systems  produced  by  very  slow  extraction  of 
solvents,  or  annealed  for  long  periods  of  time,  are  characterized  by  highly  oriented  lamellar 
microdomains  which  are  parallel  to  the  free  surface  where  a  PS  rich  layer  is  preferentially 
located.  This  explains  why  the  average  surface  fraction  of  PS  is  higher  for  the  films  produced 

using  the  slow  solvent  extraction  process.  The  data  in  this  figure  also  shows  a  trend  where  0, 
increases  with  N.  This  is  strong  evidence  that  as  the  degree  of  incompatibility  increases  the 
driving  force  for  surface  segregation  increases.  Evidently  the  reduction  of  the  surface  free 
energy  that  results  from  the  surface  segregation  of  the  lower  surface  energy  component  to  the 
free  surface  more  than  offsets  the  concomitant  increase  in  the  bulk  free  energy  (decrease  in 
combinatorial  entropy).  The  total  free  energy  of  the  system  is  therefore  minimized. 

Represented  in  Figure  7,  by  the  triangles,  is  the  surface  excess  of  PS,  V, 

(y,=0s-0b,  where  0,  is  the  surface  composition  and  0bis  the  bulk  composition)  versus  N  1/2 
plot  for  the  samples  produced  by  the  slow  solvent  evaporation  process  (near  equilibrium 
structures).  The  data  scales  well  with  a  N  l/2  dependence.  In  the  theory,  this  N  dependence 
arises  from  the  fact  that  B xrl,  which  is  a  measure  of  the  interactions  between  the  molecules 
varies  as  N1/2.  This  dependence  applies  in  the  range  of  N  where  the  theory  should  not  apply 
which  suggests  that  the  N  l/2  is  not  associated  with  criticality.  An  estimate  of  the  slope  may  be 
obtained  if  the  constant  term  in  equation  6  is  set  equal  to  0.5,  a  value  which  the  surface  excess 

should  approach  for  very  large  N.  Based  on  the  slope  it  is  clear  that  X,  or  equivalently  a,  is  not 
only  positive  but  ~3.  This  suggests  that  the  local  x  parameter  in  the  vicinity  of  the  surface  is 
lower  than  that  in  the  bulk  (X|0c«l<Xbutk^  Furthermore,  the  surface  potential  modifies  the 
interactions  between  the  molecules  at  a  depth  of  3  segment  lengths  beneath  the  surface  which  is 
entirely  reasonable. 

The  circles  in  Figure  7  represent  the  \|/,  versus  N  ,/2  dependence  of  films  annealed 
at  I70°C  for  long  periods  of  time  under  high  vacuum  conditions  [31 J.  At  very  large  N,  where 
the  system  is  in  the  strong  segregation  limit,  the  surface  is  composed  only  of  PS,  the  lower 
surface  energy  component.  For  smaller  values  of  N  where  the  systems  are  weakly  segregated 
the  surface  is  composed  of  both  PS  and  PMMA  [30],  The  difference  in  the  relative  values  of 
the  surface  excess  for  the  annealed  and  solvent  cast  films  could  be  associated  with  the  way  in 
which  the  solvent  alters  the  relative  thermodynamic  interactions  between  PS  and  PMMA. 

Since  X=3,  then  a>0  which  suggests  that  Ts>Tb  (x-lH").  Neutron  reflectivity 
mesurements  on  the  shortest  copolymer  chain  show  that  at  a  temperature  above  the  bulk  MST 
the  surface  begins  to  order,  Figure  8,  while  the  bulk  is  disordered.  The  existence  of  oscillations 
near  the  interfaces  is  evidence  of  surface  ordering.  In  the  bulk  the  oscillations  are  absent 
indicating  the  absence  of  order.  As  the  temperature  approaches  the  bulk  MST,  order  begins  to 
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*  propagate  through  the  bulk.  This  is  clear  experimental  evidence  that  near  a  critical  point  the 

surface  orders  and  induces  ordering  in  the  bulk.  This  phenomenon  has  been  observed  in 
ferromagnetic  systems  where  the  spins  in  the  bulk  and  in  the  surface  order  at  different 
temperatures  [19]. 

The  application  of  the  criterion  for  liquid  spreading  to  the  understanding  of 
copolymer  surfaces  is  too  simplistic.  It  suggests  that  a  liquid.  A,  will  not  completely  wet 
another  liquid,  B,  if  the  surface  energy  difference  between  them  is  smaller  than  the  interfacial 
energy  between  the  liquids.  For  long  chains,  certainly  in  the  range  of  the  chain  lengths  used 
t  here,  the  surface  and  the  interfacial  energies  are  independent  of  N.  This  criterion  could  not  be 

correct  since  both  complete  and  incomplete  coverage  is  observed  in  this  system.  Furthermore, 
the  main  condition  for  applicability  of  this  criterion  is  that  the  forces  between  the  A  and  B 
components  should  be  primarily  van  der  Walls  forces  (  no  chemical  bonds).  In  the  case  of 
copolymers,  A  and  B  are  covalently  bonded! 


Conclusion 

It  has  been  shown  that  in  copolymer  systems  the  lower  surface  energy  component 
exhibits  a  preferential  affinity  for  the  free  surface  whether  the  systems  are  prepared  using 
mutual  solvents  or  are  annealed  at  sufficiently  long  times  to  produce  equilibrium  structures.  In 
the  case  of  the  solvent  cast  films  the  surface  composition  is  controlled,  in  pan,  by  the  rate  at 
which  the  solvent  evaporates  from  the  film.  The  surface  excess  of  PS  increases  as  the  degree  of 
incompatibility  between  the  segments  of  the  copolymer  increase  for  both  solvent  cast  and 
annealed  films.  For  the  annealed  systems  at  equilibrium,  at  very  large  N  (strong  segregation 
limit),  the  PS  component  completely  covers  the  surface.  At  smaller  N  (weak  segregation  limit) 
both  PS  and  PMMA  are  found  at  the  surface.  For  the  solvent  cast  films  that  were  near 
equilibrium  complete  dominance  of  PS  was  not  observed  and  this  could  be  related  to  the  fact 
that  the  solvent  altered  the  thermodynamic  interaction  between  the  PS  and  PMMA  segments. 

It  was  also  demonstrated  that  the  critical  points  of  the  surface  and  the  bulk  are 
different.  The  surface  orders  at  a  temperature,  Ts,  above  that  of  the  bulk.  As  the  temperature 

approaches  Tb  the  correlation  length  becomes  very  large,  consequently,  the  bulk  microstructure 
orders.This  is  analogous  to  the  ferromagnetic  order  observed  in  systems  such  as  Gd 1 9  at 
temperatures  above  the  bulk  Curie  temperature. 

‘This  work  was  supported  in  part  by  U.  S.  DOE  under  Contract  DE-ACO46-DPO0789. 
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ABSTRACT 

A  systematic  approach  has  been  applied  to  neutron  reflectivity  data  to  study  interdiffusion 
across  an  interface.  It  is  shown  that  with  this  technique  it  is  possible  to  probe  interface 
broadening  from  -10A  to  upward  of  200  A,  the  upper  limit  being  already  within  the  range  of 
observation  of  other  techniques  such  as  Rutherford  backscattering  spectrometry  (RBS),  forward 
recoil  spectrometry  (FRES)  and  secondary  ions  mass  spectroscopy  (SIMS).  As  example  is 
analyzed  the  interdiffusion  of  a  bilayered  polymer  system:  a  deuterated  polystyrene  (d-PS)  layer 
on  protonated  polystyrene  (h-PS) . 


Introduction 

Neutron  reflectivity1  has  emerged  as  a  useful  technique  to  probe  interface  broadening 
caused  by  diffusion  across  an  interface  or.  the  nanometer  scale.  The  technique  relies  on  the 
contrast  of  the  neutrons  scattering  length  densities  of  the  layers  facing  the  interface.  The  quantity 
obtained  in  such  experiments  is  the  reflectivity  (R)  of  the  sample:  this  is  a  function  of  the 
component  of  the  neutron  momentum  perpendicular  to  the  surface,  kz.  R(kz)  is  an  optical 
transform  of  the  scattering  length  density,  as  measured  as  a  function  of  the  depth  z  from  the 
surface.  In  this  paper,  we  define  the  range  of  interface  widths  measurable  by  neutron 
reflectivity,  by  taking  the  reflectivity  curves  at  subsequent  times  of  the  diffusion  process. 


Limits  of  resolution 

Consider  a  homogeneous  layer  of  thickness  zj  on  an  infinitely  thick  lower  layer,  the  indices 
1, 2  and  3  indicate  the  vacuum  above,  homogeneous  material  and  lower  layer  respectively.  Then 
the  reflectivity  R  is  given  by  2.3 

D_  r?2+P23+2ri2P23COS  2k2z2 

1V= - - -  /  1  v 

l+r?2P23+2ri2p23Cos  2k2z2  1  ' 


The  reflectance  at  thei,i+l  boundary  is: 


rU+t 


-  ki'kj+i 
kj+kj+i 


(2) 


where  k,  =  [  k2  -  (b/v)j  1  and  (b/v)  i  *  scattering  length  density  of  the  i(l1  layer,  while 
k=2ttSin0A. .  If  symmetric  interdiffusionA5  occurs  between  layers  2  and  3, 
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P23=f23exp  -2k2k3o2 


(3) 


In  conventional  diffusion,  the  diffusion  coefficient  D  is  a  function  of  the  width  o2(t)  and  of  time, 
namely6 


(4) 


In  this  paper  we  would  like  to  examine  how  to  obtain  c2  systematically  from  the  experimental 
data  in  order  to  obtain  the  measurable  range  of  diffusion  coefficients. 

The  z2  averaged  expression  for  the  reflectivity  [  eq(  1)],  is  : 


cR.  ^r?2+P23-2ri2P23 
l-r?2P23 


(5) 


which  for  large  values  of  k  can  be  approximated  by  the  expression: 

<R>~  r?2+p&, 

-  ( 7t2/k x 4  ]  [(b/v)22  +  ( (b/v)3  -  (b/v)2  )2  exp  -  4k,- o2  J  (6) 

Thus  Rk4  vs  k  tends,  for  large  values  of  k,  to  an  asymptotic  value.  This  value  is  different  for  an 
infinitely  sharp  2,3  interface  compared  to  when  some  interdiffusion  has  occurred  across  such  a 
boundary;  the  decay  to  the  new  asymptote  reaches  a  value  1/e  for  k]=(  1/4cj2)1/2. 

It  is  easy  to  see  that  the  determination  of  a  becomes  progressively  ill  defined  for  large  o. 
This  is  because  the  1/e  point  occur  for  smaller  values  of  k  j.  Even  if  the  more  correct  eq.  (5)  is 
used,  rather  than  its  asymptotic  form,  the  relation  between  the  experimental  resolution,  Ak,  the 
precision  by  which  a  can  be  determined: 


dk/k  -  -  do/o  (7) 

shows  that  extremely  stringent  requirements  are  progressively  important  on  the  angular 
resolution  and  the  wavelength  definition  of  the  incident  beam.  Practically  speaking,  this  method 
of  analysis  is  convenient  for  values  of  o  less  than  150A.  However  it  is  possible  to  monitor 
diffusion  over  significantly  longer  distances  by  using  derivatives  of  the  reflectivity.  In  the 
normalized  difference  analysis,  the  infinitesimal  changes  in  R  with  a2  is  given  by  R"'(dR/do2). 
Rather  than  giving  the  rather  cumbersome  -  but  easily  derivable  -  complete  expression,  it  is 
worthwhile  to  point  out  that  the  z-averaged  expression  of  R"'(dR/da2)  is  simply  zero.  On  this 
flat  base  line,  the  envelope  between  the  maxima  and  the  minima  of  the  reflectivity  becomes: 
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A(— — /R)=  4ri2p23k2k3  [  ^  - 

^  r12‘P23 


l-r?2P23 


(8) 


the  exponential  term  which  gives  the  broadening  of  the  interface  is  now  contained  in  the  linear 
expression  of  p23  at  the  numerator  of  ea.(8);  which  means  that  the  range  over  which  o  can  be 
measured  is  extended  by  a  factor  of  l/v2. 

In  practical  terms  the  difference  between  the  reflectivities  at  times  t',  t"  can  be  taken.  It  is  easy  to 
see  that  the  relation  holds: 


R(t")-R(t') 

R(t")+R(t') 


=  2D  (^?7R)  (t"- 1') 
da2 


(9) 


where  D  is  the  diffusion  coefficient  as  measured  in  the  t"-t'  interval. 

Interdiffusion  of  polymers 

We  would  like  to  apply  direcdy  this  method  of  analysis  to  the  study  of  the  interdiffusion  between 
two  polymers.  Neutron  reflection  can  readily  observe  diffusion  even  over  short  time,  when 
eq.(9)  is  not  applicable.  It  is  worthwhile  then  to  compare  the  value  of  D  obtained  after  relatively 
long  annealing  time  with  neutron  reflectivity  with  that  obtained  by  other  techniques  which  have 
intrinsically  less  spatial  resolution.  Unfortunately,  it  has  not  been  possible  yet  to  apply  directly 
eq.(9)  on  two  accounts:  the  instrumental  resolution  has  to  be  obtained  more  accurately  than 
hitherto  has  been  done,  and  the  interval  of  annealing  time  t"-t'  must  be  shorter  than  that  presently 
employed.  However  we  would  like  to  compare  the  normalized  difference  plot  with  those 
calculated  on  the  basis  of  a  model,  in  which  only  the  interface  thickness  has  been  changed. 

Specific  samples  were  prepared  for  the  purpose,  in  the  form  of  polymer  bilayers  on  a  flat 
round  of  silicon  of  2"  diameter.  The  lower  layer  of  h-PS(  Mw=233,000;  thickness  >3000A  ) 
was  spin  coated  on  a  silicon  substrate  from  its  solution  in  toluene  and  annealed  for  48  hours  at 
160C.  A  layer  of  d-PS  (Mw=203,000;thickness~600A)  was  then  separately  spin  coated  on  a 
glass  slide  and  subsequently  floated  off  on  to  a  pool  of  water.  The  floating  d-PS  film  was  then 
picked  up  from  beneath  by  the  silicon  substrate  with  the  coated  h-PS  to  form  a  bilayer.  The 
bilayer  was  then  placed  under  vacuum  for  12  hours  at  room  temperature  to  remove  any  water 
molecules  that  may  have  been  trapped  between  the  layers. 

The  neutron  reflectivity  experiments  were  perfc.med  at  the  Intense  Pulsed  Neutron  Source 
at  Argonne  National  Laboratory.  The  experiment  basically  consisted  of  reflecting  neutrons 
pulses  between  wavelengths  2-16  A  from  the  sample  surface  at  very  small  angles  of  incidence 
(typically  1  degree)  and  measuring  the  number  of  reflected  neutrons  as  a  function  of  wavelength. 
The  number  of  reflected  neutrons  normalized  by  the  incident  neutrons  gives  the  reflectivity  R,  as 
a  function  of  the  neutron  momentum  k. 

In  Figure  1,  experimental  results  are  presented  for  the  sample  "as  cast”,  and  then  annealed 
22  and  53  minutes  at  135C.  Figure  1  shows  also  fits  for  the  thickness  of  the  layers  d-PS/h-PS 
on  Si,  as  well  as  the  thickness  of  the  interfaces.  The  fit  to  Figure  1(A)  indicates  a  top  layer  d- 
PS  of  thickness  590A  on  a  "thick"  lower  layer.  The  thickness  of  the  lower  layer  is  certainly 


R(k)k4  as  a  function  of  k  for  a  bilayered  sample 
of  d-PS  Mw=233,000)  on  top  of  h-PS 
(Mw=203,000)  before  heating  [1(A)]  and  after 
heating  for  22  minutes  [1(B)]  and  53  minutes 
[1(0].  The  solid  points  are  the  experimental 
data  whereas  the  solid  lines  were  calculated 
using  a  bilayered  model  with  a  symmetric 
interface  between  the  upper  and  lower  layer. 
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larger  than  3000 A,  which  is  the  maximum  distance  which  can  be  resolved  for  a  beam  of  angular 
resolution  of  the  order  of  0.02°.  The  interface  between  the  two  polystyrene  layers  has  initially  a 
thickness  o=  10A  .  The  fit  1(B)  shows  that  the  interface  has  broadened  to  135A,  as  a  result  of 
diffusion  after  the  first  annealing;  after  the  second  annealing  the  broadening  is  200A.  The 
reflectivity  in  Figure  1(C)  is  almost  featureless.  In  order  to  observe  clearly  how  well  the 
broadening  is  determined  we  replot  in  Figure  (2)  the  experimental  and  calculated  normalized 
difference  of  1(C)  with  its  previous  frame  1(B).  The  hollow  circles  indicate  the  experimental 
difference  points  whereas  the  lines  are  normalized  difference  curves  for  three  different  values  of 
<T  (=175,  200  and  250  A)  for  fits  to  1(C)  with  %  (=  4.6,  4.4,  5.2)  respectively.  Of  the  three  a 
values,  o=200A  has  the  minimum  %  (the  fit  using  this  value  of  o  is  shown  in  Figure  1(C)).  The 
offset  to  the  normalized  difference  from  zero  at  large  k  in  Figure2  is  caused  by  a  small  error  in 
normalization  of  reflectivity  for  1(B).  We  also  see  that  if  the  offset  is  neglected,  the  integral  of  the 
normalized  fluctuations  is  nearly  zero,  in  accordance  with  equation  (8)  -  that  the  total  area  under 
the  normalized  difference  curve  be  zero. 

From  the  value  of  cr=200A,  is  obtained  a  diffusion  coefficient  (cfr  eq.(4) )  D=3.43  x  10' 
16  cm^/s  at  T=135°C.  This  value  is  already  in  reasonable  agreement  with  that  obtained  for  the 
same  molecular  weight  at  the  same  temperature  from  FRES  measurements7:  D=4.35xl0'16 

(N 


NEUTRON  MOMENTUM  (ANG-1) 


Fig.  2  Normalized  difference  curves  as  a  function  of  k. 
The  open  circles  are  the  experimental  data 
obtained  from  the  measurements  1(B)  and 
1(C).  The  calculated  reflectivity  difference 
curves  with  1(B)  are  shown  by  the  solid  line 
(o=200A),  the  dashed  line(o=250A)  and  the 
dotted  line  (C-175A)  for  Tits  to  1(C). 
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cra^/s  and  it  is  to  be  hoped  that  further  improvements  in  the  sophistication  of  the  two  techniques 
will  yield  results  in  yet  better  agreement  and/or  be  able  to  focus  on  the  causes  of  the  discrepancy. 
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We  have  measured  neutron  reflectivities  from  the  surface  of  films  of 
deuterated  polystyrene  (d-PS)  and  protonated  polystyrene  (PS)  blends  before 
and  after  annealing,  and  used  the  results  to  determine  the  concentration 
versus  depth  profile  of  the  films.  After  annealing,  the  surface  is  enriched 
in  d-PS,  with  a  surface  excess  proportional  to  the  bulk  concentration  of  d- 
PS,  in  agreement  with  previous  measurements  using  forward  recoil 
spectrometry[l].  The  decay  of  the  enhanced  concentration  into  the  bulk 
occurs  over  a  length  approximately  equal  to  the  bulk  correlation  length 
(~200  A),  in  close  agreement  with  that  predicted  by  current  mean-field 
theory[2].  However,  the  agreement  between  the  experimental  reflectivity 
curves  and  the  fitted  curves  is  not  completely  adequate.  Figure  1 ,  a  plot  of 
k^R  against  k,  demonstrates  this  point  for  a  15%  d-PS  sample.  The  dashed 
line  is  the  best  fit  assuming  the  mean  field  profile.  The  inset  shows  the 
corresponding  concentration  profile  and  a  trial  profile,  solid  line,  which  fits 
the  data  much  better.  The  small  deviation  between  the  theoretical  and  trial 
profiles  may  be  due  to  the  assumption  of  the  theory  that  surface 
interactions  leading  to  enrichment  is  short  ranged. 
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Figure  1 
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ABSTRACT 

X-ray  fluorescence  using  synchrotron  radiation  at  glancing  angles  of 
incidence  was  used  to  measure  interface  widths  for  the  highly  immiscible 
polymer  blend  system  polystyrene/polybromostyrene  (PS/PBrxS,  with 
bromination  level  x  -  0.8  bromine  atoms  per  monomer).  The  interfacial 
widths  are  for  bilayers  annealed  for  4  hours  and  24  hours  at  141+lC  are 
found  to  be  100+20A  and  110±20A  respectively. 


Introduction 


The  characterization  of  interface  in  polymer  blend  systems  gives 
valuable  information  on  mechanical  and  thermodynamic  properties  of  blends 
and  can  be  used  to  discriminate  between  the  various  proposed  theories  of 
polymer  phase  behavior. 1X1  When  dealing  with  highly  immiscible  blends,  such 
as  PS/PBrS  (for  high  levels  of  bromination),  the  interfaces  between  phases 
may  be  of  the  order  of  100A  or  less  and  measurements  of  interfacial 
profiles  require  high  spatial  resolution.  We  report  here  the  results  of  a 
study  using  the  techniques  of  x-ray  fluorescence  under  conditions  of  near 
total  external  reflection  (NTEF)  ,2)  In  the  NTEF  technique,  the  angular 
dependence  of  the  x-ray-excited  fluorescence  of  a  labeled  species  is 
measured  for  angles  of  incidence  near  the  critical  angle  6C  for  total 
reflection  -  for  polymers  9C  l-2mrad  (see  Table  1).  Below  6r,  only 
evanescent  waves  penetrate  the  medium  and  the  fluorescence  is  sensitive  to 
the  surface  region.  In  the  case  of  ISkeV  x-rays  incident  on  polymers  the 
sampling  depth  is  typically  50-100A.  As  the  incident  angle  is  increased  to 
0  )  $z  deeper  layers  are  probed,  the  total  depth  sensed  being  a  function  of 
6  and  the  extinction  length  (Table  1)  for  x-rays  in  the  scattering  medium 
The  total  fluorescence  signal  from  the  labeled  species,  in  this  case 
bromine,  is  given  by,12* 


IBr(*)  "  K/$Br(z)  Ix(z,  9)  exp(  -*iBrz)dz  (1) 

where  9  is  the  x-ray  incidence  angle,  z  is  the  depth  into  the  sample, 
is  the  concentration  of  Br  atoms  of  z,  Ix(z,  6)  is  the  x-ray  intensity  at 
depth  z,  jiBr  is  the  linear  absorption  coefficient  for  the  characteristic  hr 
x-rays  in  the  polymer  (as  (l/MBr)  )  100/im  and  the  hi  layers  studied  were 
thickness  (  0 .  bum ,  /iBr  was  taken  as  zero]  and  K  is  a  constant  taking  account 
of  the  atomic  fluorescence  cros* - section  and  geometric  factors  such  as 
detector  acceptance  angle,  efficiency,  etc.  Calculations  ot  the  electric 
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field  intensity  Ix(z,  9)  were  done  using  the  standard  matrix  propagation 
method131,  in  which  the  scattering  medium  is  divided  up  into  layers  parallel 
to  the  surface  of  constant  (within  each  layer)  refraction  index  n  -  Re(n) 

+  ilm(n) .  The  plane  wave  solutions  of  Maxwell's  equations  for  each  layer 
are  joined  so  as  to  satisfy  the  boundary  conditions  of  continuous 
tangential  E  and  B  fields.  For  the  present  calculations ,  200-400  layers 
were  used  to  determine  the  scattering  properties  of  the  -O.S^m  thick 
polymer  samples.  Typical  computation  times  were  approximately  100s  on  an 
IBM  3090  for  an  angular  scan  spectrum  of  120  values  of  9. 


Critical  Angle  (mrad) 
PS  1.45 


1/e  Extinction  Length  (/im) 
13.110. 


Si  (substrate) 


Experimental 


Polystyrene  (mw  -  670K.  polydispersi ty  index  -  1.15)  was  solution- 
brominated  following  the  procedures  outlined  by  Kambour  and  Bendler!“;  to 
obtain  PBrxS  with  x  -  0.8,  which  is  known  to  be  highly  immiscible  with  PS 
of  mw  »  6?0K.IVj  The  degree  of  bromination  was  determined  independently  by 
mass  microanalysis.  PS/PBrS  bi  layers  were  deposited  on  2  inch  diameter 
polished  silicon  wafers  in  two  steps:  a)  a  4000-5000A  thick  PBrS  film  was 
spin-cast  from  a  toluene  solution  onto  the  Si  wafer  and  b)  a  1200-2000A  PS 
layer,  floated  on  water,  was  placed  on  top  of  the  PBrS  layer.  Samples  were 
annealed  under  vacuum  for  up  to  24  hours  at  141C.  X-ray  reflectivity  and 
fluorescence  measurements  were  made  at  beamline  X18B  of  the  Brookhaven 
National  Synchrotron  Light  Source.  A  monochromated  x-ray  beam  of  energy 
15keV,  selected  to  he  above  the  Br  Ko  absorption  edge  of  13.474KeV, 
impinged  on  the  polymer  sample  at  angles  $  varying  from  0.5  to  5.0  mrad. 

The  bi layer  samples  were  mounted  vertically  with  the  beam  collimated  to 
-0 . 9mm  in  the  vertical  direction  and  in  the  horizontal  direction  set  large 
enough  to  ensure  complete  coverage  of  the  0.9mm  x  2  inch  'footprint'  for 
all  angles  of  incidence.  The  reflectivity  (mainly  used  to  calibrate  the 
scattering  angle  and  to  measure  sample  thickness)  was  determined  using 
argon-filled  gas  detectors  for  both  the  incident  and  reflected  beams  while 
the  Br  fluorescence  was  measured  with  a  solid-state  germanium  detector. 

Each  angular  spectrum  of  120  data  points  took  20  minutes,  or  lOs/pt .  No 
detectable  radiation  damage  was  observed  for  these  runs. 


Figures  1-3  show  a  comparison  of  calculated  and  experimental 
fluorescence  spectra  for  PS/PBrS  bilayers  annealed  for  4  and  24  hours  at 
141±lC.  The  interface  was  modeled  with  a  hyperbolic  tangent  profile  of 
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variable  with  w: 


$Br(z)  -  (*„/2)tanh((z-t)/w)  +  (4>«/2)  z  <  d  (2) 

-  0  z  )  d 

where  t  is  the  thickness  of  the  PS  layer  and  d  is  the  combined  thickness  of 
the  PS  and  PBrS  layers.  The  interface  width  w  was  allowed  to  vary  from  10A 
to  200A  while  t  and  d  were  varied  ±300A  about  their  nominal  values.  The 
best  values  for  the  PS  layer  thickness  t  was  found  to  be  1200±50A  for  both 
samples;  the  PBrS  layer  thickness  (d-t)  was  4800+150A  for  the  4  hour 
anneal  sample  and  4400±150A  for  the  24  hour  anneal  sample.  Figure  1  shows 
calculations  for  the  24  hour  sample  for  widths  w  of  70.  110,  150  and  200A. 
The  main  spectral  feature  which  is  sensitive  to  w  is  the  shoulder  at  about 
1.75mrad  (this  feature  tends  to  be  reduced  for  samples  with  thicker  TS 
layers -bi layers  with  t  -  1900A  exhibited  only  one  peak  and  proved  difficult 
to  analyze  accurately).  The  optimum  agreement  between  theoretical  and 
experimental  spectra  was  found  for 

w  -  100±20A  (4  hour,  141C  anneal] 

and  110±20A  f 24  hour,  141C  anneal] 

Overall  agreement  is  quite  satisfactory. 


Cone lus ion 


The  technique  of  x-ray  near- total  external  fluorescence  (NTEF)  has 
been  demonstrated  to  be  capable  of  studying  interface  formation  on  the 
small  length  scales  of  highly  immiscible  polymer  blend  systems.  The 
PS/PBrS  system  is  also  suitable  (by  using  deuterated  PS  or  PBrS''  for 
experiments  using  neutron  ref lect ivi ty6,  the  only  other  currently  available 
technique  used  for  high  resolution  polymer  interface  studies.  Measurements 
of  the  same  samples  will  allow  direct  comparisons  between  the  two 
techniques,  enhancing  the  reliability  of  both  methods. 
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Fig.  1  Calculated  fluorescence  spectra  of  PS/PBrS  interface  of  width  w 
equal  to  a)  70A,  b)  liOA,  c)  150A  and  d)  200A.  The  PS  layer  is  1200A  thick 
and  the  PBrS  layer  4400A  for  all  spectra.  The  zero  of  each  spectrum  has 
been  shifted  in  multiples  of  100  intensity  units. 
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Fig.  2  Experimental  (dotted)  and  calculated  (solid  line)  spectra  for  the 
24  hour,  141°C  anneal  sample.  PS  and  PBrS  layer  thicknesses  as  in  Fig.  1. 
Interfacial  width  w  -  110A.  The  zero  of  intensity  has  been  shifted  100 
units . 


Fig.  3  Experimental  (dotted)  and  calculated  (solid  line)  spectra  for  t  hi* 
hour,  141°C  anneal  sample.  PS  layer  1200A.  PBrS  layer  4800A  and 
interfacial  width  w  -  100A.  The  zero  of  intensity  has  been  shifted  100 
units . 
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INTERFACIAL  SEGREGATION  EFFECTS  IN  MIXTURES 
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ABSTRACT 

Secondary  Ion  Mass  Spectroscopy  (SIMS)  has  been  used  to  study  the  surface  and  interfacial 
segregation  of  diblock  copolymers  in  mixtures  of  the  copolymer  in  the  homopolymer.  Symmetric, 
diblock  copolymers  of  polystyrene  (PS)  and  poly(methyl  methacrylate)  (PMMA),  in  either  the  PS  or 
the  PMMA  homopolymers  were  investigated.  In  mixtures  of  the  copolymer  with  the  PS 
homopolymer,  systematic  surface  enrichment  of  the  copolymer  as  well  as  segregation  of  the 
copolymer  to  the  polymer/Si  interface  or  in  the  case  of  bilayered  films  to  the  polymer/polymer 
interface  occurs  with  annealing  treatments  These  segregation  effects  persist  over  a  large  range 
of  homopolymer  molecular  weights  with  changes  in  the  kinetics  of  the  segregation  process  being 
predominant 

INTRODUCTION 

The  structure  and  composition  of  the  polymeric  surface/interface  and  of  the  near-surface 
region  controls  some  of  the  important  properties  and  therefore  the  applications  of  such  polymers 
Hence  an  in-depth  understanding  of  the  surface  and  interfacial  behavior  of  copolymers  is  essential 
towards  optimizing  the  use  of  these  polymers  in  various  applications.  Presently,  various  analytical 
techniques  such  as  X-ray  Photoelectron  Spectroscopy  (XPS)  (1.2).  Forward  Recoil  Spectrometry 
(FRES)  (3)  and  Electron  Micros  copy  (4.5)  are  being  used  to  probe  the  structure  of  polymeric 
surface/interface  and  near  surface  i  e.  interphase  regions  Secondary  Ion  Mass  Spectrometry 
(SIMS)  has  been  applied  previously  in  polymeric  materials  to  study  the  interface  induced  orien¬ 
tation  effects  of  diblock  copolymers  in  thin  films  (6.7)  and  in  diffusion  studies  (8)  In  this  article  we 
report  on  the  use  of  SIMS  to  investigate  the  segregation  effects  at  polymer  interfaces.  We  have 
applied  depth  profiling  in  polymeric  films  to  study  surface  segregation;  segregation  effects  at 
polymer/substrate  interlaces  or  in  the  case  of  multilayered  films,  segregation  effects  a! 
polymer/polymer  interfaces.  SIMS  has  been  used  to  obtain  segregation  profiles  in  real  space  as 
well  as  to  study  the  kinetics  of  the  segregation  process 

EXPERIMENTAL 

The  polymers  used  in  this  study  were  purchased  from  Polymer  Laboratories  1.  3  and  10% 
mixtures  of  the  copolymer  in  the  PS  homopolymer  were  prepared  in  toluene  solutions  In  the 
diblock  copolymer  used  in  this  study,  both  the  PS  and  the  PMMA  blocks  were  deuterated  and  is 
designated  as  PSD/PMMAD  The  average  molecular  weight  of  the  diblock  copolymer  was  approxi¬ 
mately  1.0  x  10*  Films  about  1600  A  thick  were  cast  directly  on  cleaned  silicon  substrates  These 
films  were  then  annealed  in  a  vacuum  oven  at  170*0,  which  is  above  the  glass  transition  temper¬ 
ature  of  either  component.  The  annealing  times  ranged  from  a  few  minutes  to  tens  of  hours  A 
thin  layer  of  Au  20-A)  was  vapor  evaporated  on  all  the  films  In  order  to  serve  as  marker  for  the 
air/polymer  interface  in  the  SIMS  depth  profiles  Subsequently,  a  PS  layer  of  about  200-A  was  spin 
coated  on  a  glass  substrate,  floated  on  water,  and  then  retrieved  onto  all  the  polymer  films  being 
analyzed  via  SIMS  This  PS  film  prevents  hydrogen  contamination  and  acts  as  a  buffer  layer 
during  the  initial  sputtering  transition  of  the  ion  beam 


The  SIMS  depth  profiles  were  obtained  using  a  Cameca  IMS-4F  secondary  ion  microscope  A 
3  KeV  0*2  primary  ion  source  provides  a  means  of  sputtering  the  specimen  surface  The  sec¬ 
ondary  ions  sputtered  from  an  80  jrm  diameter  area  ol  the  specimen  are  extracted,  mass  sopa 
rated  and  analyzed  using  a  mass  spectrometer  The  specific  conditions  for  SIMS  analysis  are 
shown  in  table  I  It  has  been  shown  that  these  conditions  provide  high  sensitivity  and  good  depth 
resolution  while  depth  profiling  organic  films  (9)  During  the  SIMS  experiments  the  intensity  of  the 
secondary  ion  counts  of  1  H * .  7H*.  *>C*.  and  ”;Au*  are  measured  as  a  (unction  of  sputtering 
time  foi  each  film  The  sputtering  rate  in  homopotymers  PS  and  PMMA  was  determined  by  using 
standard  specimens  of  accurately  known  thickness  For  the  mixtures  tiring  used  it  was  noted  that 
the  sputtering  rate  does  not  vary  significantly  from  lhaf  of  the  respective  homopolymers  However 
the  spultering  rate  was  verv  dep»  ndent  upon  the  experimental  conditions  and  heme  it  is  neces¬ 
sary  to  calibrate  the  sputtering  rale  during  each  experiment  Heme  knowing  the  sputtering  rate, 
the  intensity  ol  the  measured  secondary  inns  versus  sputtering  time  is  readily  ronvorled  into  a 
depth  profile 
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Table  I 


Apparatus 


Cameca  IMS  41 


Primary  Ion*. 


O?  * 


Beam  Current 


Raster 


Selected  Area  Aperture 


Beam  Size 


Eftectrve  Depth  Resolution 


Oetected  Secondary  Ions  - 


^00  300  nA 


500  ti  x  500  /i 


80  fj  diameter 


-  ?00  n 


n  1?  5  nm 


’H  * .  *H4. 
«C\  ’’'Au' 


The  relative  proportion  of  the  protonated  and  deuferaled  polymers  as  a  (unction  of  depth  is 
Indicated  by  monitoring  the  'H4  and  *H4  signals.  The  ’*C4  signal  is  used  as  a  matrix  monitor 
ensuring  that  the  sputtering  rate  is  constant  during  the  depth  profiling.  The  monitoring  of  the 
1i7Au*  signal  serves  as  an  interface  marker  i.e.  indicating  the  location  of  the  original  air/polymer 
interface  prior  to  the  placement  of  the  PS  buffer  layer  It  was  noted  that  the  measured  sputtering 
rate  of  gold  was  approximately  the  same  as  that  of  PS  under  the  conditions  used.  Hence  the  pres¬ 
ence  of  gold  serves  only  as  an  inert  marker  and  does  not  perturb  the  sputtering  rate 

RESULTS  AND  DISCUSSION 

A  typical  SIMS  depth  profile  for  an  as  cast  film  of  a  mixture  of  10%  fully  deuterated  diblock 
copolymer  PSD/PMMAD  in  the  PS  homopolymer  is  shown  in  figure  1  The  position  of  the  original 
air/polymer  interface  is  indicated  by  the  vertical  dashed  line  on  the  left  hand  side,  corresponding 
to  the  peak  in  the  Au  signal,  while  the  polymer/silicon  interface  is  indicated  by  the  vertical  dashed 
line  on  the  right  hand  side.  The  initial  transient  in  the  signal  where  the  secondary  ion  counts  of 
carbon  (C),  hydrogen  (H).  deuterium  (D)  counts  vary  markedly  occurs  in  the  buffer  layer  of  PS 
Note  that  a  steady  state  sputtering  is  achieved  by  the  time  the  ion  beam  has  reached  the  polymer 
film  under  investigation.  The  C  counts,  which  serve  as  a  matrix  monitor,  remain  relatively  constant 
throughout  the  entire  thickness  of  the  film.  In  this  example,  since  we  have  a  mixture  of  a  fully 
deuterated  copolymer  in  a  protonated  homopolymer,  an  examination  of  the  deuterium  (D)  signal 
indicates  where  the  copolymer  is  residing  Thus  in  the  as  cast  film  the  copolymer  has  prefer¬ 
entially  segregated  to  the  polymer/silicon  interface  as  indicated  by  the  relatively  high  deuterium 
signal  at  that  interface  Also  note  that  there  is  a  small  surface  enrichment  of  the  copolymer  as 
compared  to  the  bulk  The  H  signal,  which  was  relatively  constant  throughout  the  entire  film  thick¬ 
ness.  drops  at  the  polymer/silicon  interface  due  to  the  segregation  of  the  fully  deuterated 
copolymer  to  this  interface 


The  depth  profile  for  an  identical  film  ttiat  was  annealed  at  170°  C  tn  vacuum  for  twenty  hours 
ts  shown  in  figure  2  The  dramatic  change  in  the  deuterium  (D)  profile  is  evident  Note  that  the  C 
signal  remains  invariant  throughout  the  sputtering  of  the  film  as  before  The  relatively  high 
deuterium  signal  at  the  air/polymer  interface  now  clearly  shows  the  surface  enrichment  of  the 
copolymer  that  has  occurred  due  to  the  annealing  treatment  The  segregation  at  the 
polymer/silicon  interface  is  also  enhanced  The  segregation  effects  c  an  (re  clearly  seen  in  figure  3 
which  is  a  composite  of  the  two  superimposed  deuterium  ( D)  profiles  Thus  at  sufficiently  long 
annealing  limes  tfie  concentration  of  the  copolymer  in  the  bulk  film  is  guile  low  the  copolvmer 
now  being  present  either  at  the  air/polyiner  inlet  far  e  nr  at  the  polymer  '.i'kmm  inleilare 
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Figure  I  A  SIMS  depth  profile  obtained  from  an  as  cast  film  of  a  mixlure  of  10%  PSD/PMMAD  in 
PS  (127  K) 
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Figure  3.  A  composite  of  two  superimposed  Deuterium  (D)  profiles  corresponding  to  a  mixture  of 
10%  PSD/PMMAD  in  PS  (127  K)  The  solid  line  corresponds  to  an  as  cast  film  while  the  dotted  line 
corresponds  to  a  specimen  annealed  for  20  hours  at  170"C 

The  time  dependence  of  the  interfacial  copolymer  segregation  was  followed  over  a  wide 
range  of  annealing  times.  Figure  4  shows  the  superimposed  depth  profiles  at  different  annealing 
times  for  a  3%  PSD/PMMAD  copolymer  dissolved  in  a  PS  homopolymer  of  1.27  x  105  average 
molecular  weight  The  systematic  surface  enrichment  of  the  copolymer  due  to  the  annealing  treat¬ 
ment  is  clearly  seen.  At  the  polymer/silicon  interface  similar  effects  were  observed  In  this  partic¬ 
ular  example  it  was  noted  that  even  a  small  annealing  time,  such  as  five  minutes,  was  sufficient  to 
observe  detectable  migration  of  the  copolymer  to  the  interfaces. 


Figure  4  A  composite  ol  four  superimposed  Deuterium  (D)  pioliles  in  the  near  surface  region  This 
corresponds  to  films  ol  a  mixture  of  3%  PSD/PMMAD  in  PS  (127  K}  and  annealed  al  1 71)  C  as  indi 
raled  ( A )  As  Cast  (R)  ri  min  (C)  TP  nnn  ID)  170  nun  (tiom  tel  ini 
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Figure  5  A  composite  of  two  superimposed  Deuterium  (D)  profiles  corresponding  to  a  mixture  ot 
3%  PSO/PMMAD  in  PS  (1150  K)  The  solid  line  corresponds  to  an  as  cast  film  while  the  dotted  line 
corresponds  to  a  specimen  annealed  for  20  hours  at  170”C 

The  molecular  weight  ot  the  homopolymer  PS  in  the  mixture  was  varied  from  175  x  10*  to  1.15 
x  1C  Surface  enrichment  of  the  copolymer  as  well  as  its  segregation  to  the  polymer/silicon  inter¬ 
face  persists  over  the  entire  range  of  homopolymer  molecular  weight  variation  Figure  5  shows  a 
composite  of  two  superimposed  deuterium  profiles  corresponding  to  a  mixture  of  3%  PSO/PMMAD 
in  PS  of  average  molecular  weight  of  1.15  x  1C  In  this  case  it  was  necessary  to  anneal  the  spec¬ 
imen  for  several  hours  before  any  detectable  migration  of  the  copolymer  to  the  interfaces  was 
observed 

SIMS  has  also  been  used  1o  examine  polymer/polymer  interfaces  by  depth  profiling  multilay¬ 
ered  polymer  films  For  the  bilayer  films  analyzed,  the  lower  film  corresponds  to  a  mixture  of  1% 
PSO/PMMAD  in  PMMA  while  the  top  layer  corresponds  to  a  mixture  of  1%  PSO/PMMAD  fn  PS 
The  lop  layer  was  coaled  on  a  glass  substrate,  (loafed  on  water  and  then  retrieved  onto  the  first 
polymer  layer  This  bilayer  film  was  (hen  annealed  and  prepared  for  SIMS  as  described  before 
Figure  6  shows  a  typical  depth  profile  for  a  bilayered  film  that  was  annealed  for  48  hours.  Thus  in 
this  case,  in  addition  lo  the  surface  enrichment,  segregation  of  the  copolymer  lo  the 
polymer/polymer  interlace  also  occurs. 

CONCLUSIONS 

SIMS  has  been  used  lo  investigate  Ihe  interlaces  segregation  of  diblock  copolymers  in  mix¬ 
tures  ol  Ihe  copolymers  with  homopolymers  It  was  found  lhat  annealing  treatments  result  in  the 
syslemalic  surface  enrichment  of  Ihe  copolymer  as  well  as  its  segregation  to  the  polymer/silicon 
interface  or  in  the  case  ot  bilayers  to  Ihe  polymer/polymer  interlace  The  segregation  ellects  were 
observed  regardless  ol  Ihe  molecular  weight  of  th-  homopolymer  and  the  bulk  volume  traction  ol 
Ihe  copolymer  in  Ihe  mixture  The  predominant  ellerl  of  these  changes  was  to  influence  the 
kinetics  ol  the  segregation  process 
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Time  (sec) 

Figure  6  A  SIMS  depth  profile  obtained  from  a  bilayer  film  that  was  annealed  at  170"C  for  48 
hours. 

REFERENCES. 

1.  P  J  Mills.  P  F.  Green,  C  J  Palmstorm.  J.W  Mayer  and  E  J  Kramer.  App  Phys  Lett .  45. 
9,  (1984) 

2  H  R  Thomas  and  J  J  O'Malley,  Macromolecules  12,  323,  (1979) 

3  P.F.  Green,  CJ  Palmstrom,  J.W.  Mayer  and  E  J  Kramer,  Macromolecules.  18. 
501,(1985). 

4  H  Hasegawa  and  T  Hashimoto,  Macromolecules.  18,  589,  (1983) 

5  C  S.  Henkee,  E  L  Thomas  and  L  J  Fetters,  J.  Mater.  Sci..  23,  1685,  (1983) 

6  G  Coulon.  T  P  Russell,  V.  R.  Deline  and  P.  F.  Green,  Macromolecules  22  2581,  (1989) 

7.  T  P.  Russell,  V  R  Deline,  V.S.  Wakharkar  and  G  Coulon,  Materials  Research  Society 

Bulletin.  Vol.XIV  (No.10).  33,1989 

8  S.J.  Whitlow  and  R.P.  Wool,  Macromolecules.  22,  2648,  (1989) 

9  G.J.  Scilla,  submitted  to  Anal.  Chem. 

10  V.S  Wakharkar,  V  R  Deline  and  T  P  Russell,  Proceedings  of  the  VII  International  SIMS 
Conference.  September  3-8.  Monterey.  CA  .  (John  Wiley  4  Sons  Limited  Publishers. 
1989).  in  press 


349 


A  NEW  VARIABLE  ANGLE  FT-IR  ELL I PSOMETER 

J.L  STEHLE  *  ,  O.T  THOMAS  *  ,  J.P.  PIEL  *  ,  P.EVRARD  *  , 
J.H.LECAT  *,  L.C  HAMMOND  ** 

*  SOPRA,  26/68  Rue  Pierre  Joigneaux  ,  92270  BOIS-COLOMBES , 

FRANCE 

**  ARIES/QEI ,  5A1  Damonmill  Square,  Concord  MA  01742,  USA 

ABSTRACT 

Use  of  a  Fourier-transform  interferometer  integrated  with 
a  variable  incidence  angle  ellipsometer  extends  the  spectral 
range  and  the  capabilities  of  spectroscopic  ellipsometry  into 
the  infrared.  With  a  spectral  range  of  600  to  6600  cm-1,  thick 
layers,  such  as  epitaxial  doped  layers  and  polymers  can  be 
analysed. 

A  full  description  of  this  novel  instrument  will  be 
given.  Incidence  angle  can  be  varied  automatically  to  enhance 
signal/noise  and  the  ellipsometric  data  can  be  obtained 
together  with  vibrational  absorption  bands  information  to  give 
a  characteristic  "  fingerprint  "  of  the  layers. 

Examples  of  spectra  of  HCN  polymer  on  nickel ,  DMHS  on 
aluminium  and  PMMA  on  silicon  will  be  presented  for  various 
incidence  angles  and  layer  thickness. 

I  :  INTRODUCTION 

Since  the  year  1950,  a  great  number  of  materials  have 
been  characterized  by  mean  of  an  infrared  ellipsometer  (1)  . 

As  the  rotation  of  the  polarizer  was  manual,  these 
measurements  were  tedious  and  time-consuming  .  The  development 
by  stobie,  Rao  and  Dignam  of  the  first  photometric  infrared 
ellipsometer  has  been  a  great  improvement  (2).  They  show  the 
great  sensitivity  of  this  technique  by  the  measurement  of 
formic  acid  chemisorbed  on  silver. 

With  the  development  of  Fourier-transform  spectrometers, 
a  new  generation  of  infrared  ellipsometers  is  born,  using  a 
combination  of  a  Michelson  interferometer  and  a  photometric 
ellipsometer.  The  first  one  was  achieved  by  Roseler  (3)  in 
1981.  Today,  it  is  an  instrument  in  development  at  SOPRA.  The 
first  results  and  the  possible  applications  will  be  shown. 

II  :  THEORY 

Ellipsometry  is  a  non-destructive  technique,  determining 
the  change  of  state  of  polarization  of  the  light  reflected  on 
the  surface  of  a  sample.  More  precisely,  the  complex 
reflectance  ratio  rp/rs  is  measured,  where  rp  and  r_  are  the 
complex  reflectances  of  p-  and  s-  pblarizea  light, 
respectively. 

rp/rs  =  tan'F  eiA 

The  ellipsometric  parameters  tan T  and  cosi  are  a 
function  of  the  refractive  index  and  the  thickness  of  each 
layer  of  the  sample.  In  comparison  with  ref lectometry ,  two 
parameters  instead  of  one  are  obtained  per  wavelength,  and 
this  allows  the  determination  of  both  real  and  imaginary  parts 
of  the  materials,  without  using  a  Kramers-Kronig 
transformation.  It  means  that  there  is  no  need  to  extrapolate 
the  spectrum  values  outside  the  measuring  range. 
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Different  models  are  used  to  get  a  physical 
interpretation  of  the  tanf  and  cos  A  spectrum.  The  most 
general  one  is  a  multilayer  model,  where  thickness  and 
composition  of  each  layer  are  introduced  as  parameters  in  a 
regression  program. 

Beside  this  general  approach,  it  is  possible  to  use  some 
data  reductions  concerning  the  particular  case  of  one  layer 
over  a  substrate.  For  a  transparent  layer,  the  real  part  of 
the  index  and  the  thickness  can  be  calculated  for  each 
wavelength,  knowing  the  substrate  composition.  If  the 
thickness  of  the  layer  is  known,  a  direct  computation  of  both 
real  and  imaginary  part  of  the  index  can  be  obtained. 

Working  in  the  infrared  allows  some  simplification  of  the 
ellipsometric  equations,  because  the  thickness  of  the  layer 
can  often  be  considered  as  small,  compared  with  the 
wavelength.  Therefore,  it  is  useful  to  introduce  the  following 
quantity  (4)  : 

D  =  ln(  tan  T  /tanf  )  +  i (  A  -  A  ) 

where  tan  r  and  A  are  the  values  of  a  bare  substrate  in  the 
same  conditions. 

When  the  substrate  is  transparent  in  the  infrared,  the 
variations  of  the  dielectric  function  can  be  directly  seen  on 
the  spectrum  of  the  real  and  imaginary  part  of  the  relative 
complex  optical  density  D  . 

Ill  :  CHARACTERISTICS  AND  PERFORMANCES  OF  THE  ELLIPSOMETER 

The  advantage  of  this  technique,  compared  with  reflec- 
tometry  is  that  ellipsometry  does  not  measure  intensities  but 
a  polarization  state  of  light.  Thus,  the  precision  of  the 
measurement  is  not  degraded  by  intensity  fluctuations  of  the 
source,  or  electronic  drifts.  No  reference  spectrum  is  needed. 

A  Fourier  transform  has  the  following  advantages  on  a 
monochromator  : 

-  it  is  a  multiplex  configuration,  because  all  the 
wavelengths  are  simultaneously  measured.  Therefore,  a  spectrum 
is  obtained  faster  and  with  a  better  signal  to  noise  ratio 
than  with  a  monochromator  (  Fellgett  advantage  (5)  ).  A 
measuring  time  in  the  minute  range  is  possible. 

there  is  an  energetic  disadvantage  of  the 
monochromators  compared  to  an  interferometer  (  Jacquinot 
advantage  ( 5 )  ) . 

The  Michelson  interferometer  of  a  Fourier  transform 
spectrometer  is  followed  by  a  photometric  ellipsometer  of 
rotating  analyzer  type  (  fig  1  ) .  Ge  Brewster  angle  polarizers 
have  been  developed  against  grid  polarizers  to  obtain  a  better 
degree  of  polarization  over  the  whole  spectral  range.  The 
spectral  range  goes  from  6600  to  600  cm-1,  and  the  resolution 
can  be  selected  from  to  2  to  32  cm-1. 

The  sample  reflects  a  collimated  beam  whose  divergence 
can  also  be  selected  from  0.5  to  6  degrees  by  the  software.  As 
the  sensitivity  of  the  ellipsometric  measurements  is  greatly 
dependent  on  the  incidence  angle,  it  can  be  automatically 
modified  by  the  user,  from  40  to  90  ,+/-  0.01  degrees. 
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At  the  end  of  the  optical  train,  the  liquid  nitrogen 
cooled  detector  HgCdTe  delivers  an  electrical  signal .  The 
processing  of  this  signal  contains  two  Fourier  transforms,  the 
first  one  to  get  the  signal  per  wavelength,  the  second  one  to 
compute  the  ellipsometric  parameters. 


Focusing  Mirror 


fig  l  :  optical  Schama  of  the  Ellipsomater 
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Fig  4  :  tan'F  and  cos  A  spectrum  ot  HCN  polymer  on  Hi  for 
three  incidence  angles  :  a  :  6 S’;  to:  70  c:  75 


V  :  APPLICATION  TO  SURFACES  STUDIES 

Dielectric  function  of  bulk  materials,  such  as  metals, 
glasses,  silicides,  can  have  their  n,k  values  directly 
calculated  for  each  energy  from  the  ellipsometric  parameters 
tanV  and  cos  A  •  For  instance,  optical  properties  of  Au  have 
been  studied  by  Jungk  and  Roseler  using  FTIR  Ellipsometry  (6). 

EllipsOmetric  techniques  have  already  proved  their  high 
sensivity  in  the  visible  spectral  range  for  the  study  of  film 
growth  processes  (7).  Recently,  experimental  studies  by 
R.BENFERHAT  and  B.DREVILLON  using  an  infrared  spectroscopic 
phase-modulated  ellipsometer  have  showed  that  it  was  possible 
to  get  evidence  of  anisotropic  orientation  of  one  single 
monolayer  of  Langmuir-Blodgett  films  (8).  The  vibrational 
properties  of  hydrogenated  amorphous  silicon  ultrathin  films 
(less  than  100  A)  have  also  been  obtained  by  this  technique 
(9). 


Using  a  Fourier-Transf orm  IR  ellipsometer,  the 
densif ication  and  the  porosity  in  low  temperature  deposited 
oxide  have  been  determined  (10).  The  mean  Si-O-Si  bond  angle 
was  calculated  from  the  peak  IR  values  and  related  to  the 
oxide  density. 

The  Fourier  Transform  Ellipsometry  can  also  offer  a  way 
of  characterization  of  thick  layered  mater ials(Fig .  2 , 3  and  4  )  . 
Measurements  of  slightly  doped  Si  Layers  epitaxied  on  heavily 
doped  Si  substrates  have  been  performed  (11).  With  a  2  cra-1 
spectral  resolution,  a  100  micron-thick  layer  can  be  studied. 
Thick  porous  silicon  layers  are  also  a  possible  application  of 
this  ellipsometer. 
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Introduction  Our  Experimental  System 

The  behavior  of  polymer  molecules  at  Interfaces  Is  an  essential  aspect  of 
a  wide  variety  of  physical -chemical  phenomena.  For  example,  polymer  molecules 
In  the  fiber-polymer  Interface  play  an  Important  role  In  determining  the 
mechanical  properties  of  composites,  and  polymer  molecules  at  the  liquid- solid 
Interface  are  critical  In  the  stabilization  of  colloidal  dispersions.  In  some 
cases  polymer  molecules  are  physically  adsorbed  at  the  Interface  and  In  other 
cases  they  are  chemically  bonded  to  the  surface  at  one  or  more  positions  along 
the  chain.  To  simplify  the  terminology,  however,  both  cases  will  be  referred 
to  as  polymer  adsorption.  The  chains  In  the  second  case  are  said  to  be 
grafted  to  the  surface.  It  Is  an  example  of  this  second  case  that  we  are 
concerned  with  In  this  paper,  and  in  particular  with  polymer  grafted  to  a 
finely  divided  substrate  dispersed  In  a  liquid. 

Among  the  parameters  of  Interest  in  this  example  of  polymer  adsorption 
are  the  number  of  polymer  molecules  adsorbed  per  unit  surface  area,  and  the 
polymer  density  profile  --  that  is,  the  density  of  polymer  repeat  units  as  a 
function  of  the  distance  from  the  adsorbing  surface. 

In  principle,  the  length  scales  characterizing  most  density  profiles 
makes  them  amenable  to  study  by  small-angle  neutron  scattering.  Indeed,  three 
laboratories  have  now  demonstrated  the  feasibility  of  using  small-angle  neu¬ 
tron  scattering  for  determining  density  profiles  for  polymers  adsorbed  at 
solid-solution  Interfaces  of  high  surface-area  substrates.  Cosgrove  and 
associates1'2'3  *'5  ®-7  have  been  studying  the  density  profile  of  poly(ethylene 
oxide)  adsorbed  on  the  surface  of  polystyrene  latex  particles.  Auvray,  Cotton 
and  their  associates68  have  been  examining  acrylic  polymers  adsorbed  on  the 
Inner  surface  of  porous  silica. 

We  recently  completed  a  set  of  preliminary  experiments  at  Brookhaven 
National  Laboratory1".  Our  system  was  poly(n-butyl  methacrylate)  chemically 
bonded  at  one  end  of  each  chain  to  the  surface  of  nearly  monodisperse ,  200(3  A 
silica  spheres.  The  grafting  density  was  one  polymer  molecule  per  900  A2. 

The  polymer  was  prepared  by  group  transfer  polymerization,  with  a  narrow 
molecular  weight  distribution  and  an  average  molecular  weight  of  53,000. 

Scattering  measurements  were  made  on  dispersions  of  bare  particles  and 
particles  with  grafted  polymer.  We  did  contrast  variation  experiments  using 
mixtures  of  hydrogenous  and  deuterated  isopropanol  (IPA)  for  the  dispersant 
phase.  Since  IPA  Is  a  solvent  for  the  polymer  (albeit,  a  poor  solvent),  we 
assume  that  If  the  poly(butyl  methacrylate)  were  not  grafted  to  the  surface  It 
would  have  leached  off  of  the  substrate.  We  saw  no  evidence  of  leaching 
during  our  neutron  scattering  experiments. 

Scattered  Intensities  (after  correcting  for  background)  were  directly 
proportional  to  the  particle  concentration  for  1,  5  and  10  volume  »  disper¬ 
sions.  We  took  this  to  mean  that  there  Is  no  contribution  to  the  scattered 
Intensity  from  Interparticle  Interference  over  our  range  of  experimental 
scattering  angles.  This  Is  to  be  expected  for  particles  as  large  as  2000  A. 


Analysis:  Uncoated  Particles 


Scattering  from  homogeneous  spheres  of  radius  R  is  determined  by  their 
scattering  function.  FS(Q) ,  which  Is  written: 
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where 


(X) 


(2) 


In  equation  2,  X  is  the  wavelength  of  the  radiation  and  8  is  the  angle  between 
the  incident  and  scattered  beams . 

For  most  experiments,  the  scattered  Intensity,  I(Q),  as  a  function  of  Q 
and  the  Intensity  of  the  incident  radiation,  I0,  is  written  as 

'«?)- <3> 


The  quantity  as  is  the  contrast  between  the  sphere  and  the  solvent  (or  disper¬ 
sant).  The  contrast  of  any  scattering  object  is  given  by 

a,  —  P,  -  P,.i  where  (4) 

p, •  Scattering  length  density  of  component  i,  and 

p„,  -  Scattering  length  density  of  solvent. 

For  spheres  with  diameters  as  large  as  2000  A  the  scattering  function  is 
well  within  the  large -Q  asymptotic  scattering  regime  over  our  entire  range  of 
experimental  Q.  Furthermore,  the  sinusoidal  oscillations  are  beyond  the 
experimental  resolution  of  Q.  Consequently,  the  instrument  gives  the  scat¬ 
tered  intensity  averaged  over  the  individual  detector  elements.  For  2000  A 
spheres,  equation  3  must  be  replaced  by 

/(<?)- (5> 

which  can  be  written  as 

Constant  (6) 


This  same  form  of  I(Q)  would  apply  to  polydlsperse  spheres  as  long  as 
they  were  all  of  103  A  length  scale  or  larger. 


If  the  silica  particles  had  been  homogeneous,  our  experimental  I(Q)  would 
have  been  described  by  Equation  6.  That  is  not,  however,  what  we  measured. 

Our  experiments  demonstrated  significant  deviations  from  Equation  6  at  both 
ends  of  our  experimental  range  of  Q. 

Modeling  of  scattering  from  spheres  leads  to  the  conclusion  that  devi¬ 
ations  from  equation  6  are  the  result  of  non-uniform  particle  composition. 
There  are  two  quite  different  aspects  to  this  non-uniformity  --  aspects  we 
could  call  "course  grain"  and  "fine  grain".  They  can  be  described  as  follows: 
(1)  The  S10j  concentration  is  not  a  constant  throughout  the  particle,  but  is 
a  smooth  function  of  the  radius  --  this  is  the  "course  grain"  non-uniformity. 
At  this  level  of  detail,  we  can  think  of  a  particle  as  a  core  surrounded  by  a 
shell,  with  a  transition  from  core  to  shell  that  takes  place  smoothly  over 
radii  from  about  100  A  to  about  200  A.  The  Si02  concentration  is  relatively 
constant  for  all  radii  greater  than  200  A.  This  "course  grain"  non-uniformity 
contributes  deviations  from  equation  6  at  the  small-Q  end  of  our  experimental 
range 
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(2)  We  also  found  that  there  are  random  density  fluctuations  throughout  the 
particles.  The  size  scale  of  the  fluctuations  Is  about  9  A  --  l.e.,  the  "fine 

§raln"  non-uniformity.  This  is  exactly  the  same  type  of  random,  short-range 
ensity  fluctuation  one  finds  In  other  glassy  materials.  This  "fine  grain" 
non-uniformity  contributes  deviations  from  Equation  6  at  the  large-Q  end  of 
our  experimental  range.11 

These  structural  features  are  consistent  with  what  one  would  expect,  con¬ 
sidering  how  the  silica  particles  ate  made  in  the  laboratory.12  The  most 
important  result  from  chis  analysis  is,  however,  that  neither  the  "fine  grain" 
nor  the  "course  grain"  non-uniformities  interfere  with  interpretation  of  the 
scattering  data  In  terms  of  the  density  profile  of  the  grafted  polymer. 

In  addition  to  scattering  from  the  structural  features  associated  with 
the  body  of  the  silica  spheres,  we  found  a  significant  scattering  from  a  thin 
shell  surrounding  the  particles,  which  we  assume  to  be  surface  hydroxyl  groups 
and  an  associated  solvation  layer.  The  scattering  function  for  this  shell  is 
written 


F s*  -  J[(sin<?#)(sin<?D)->  (eos<?*)(  1  -cosQD)] 

where  D  is  the  thickness  of  the  shell. 

We  conclude  that  the  following  equation  adequately  accounts  for  the  scat¬ 
tering  of  "bare"  particles: 


HQ) 


-a‘,<F’s>*Q2ait<F\„>*?.a,a5H<f  ,F  ,„> 


(8) 


where  <F |>  now  cakes  Into  account  the  non-homogeneities  of  the  sphere. 


Hie  tolTMr  Penalty  Profile:  Theoretical  Analvala 

The  scattering  function  for  the  grafted  polymer  layer  can  be  written 


F,-V 


(sin(Qff)/ 


cos(ff<?)/5J 


(9) 


where 

/c-0/  ♦  (Z)cos(<?Z)dZ 

and 

/,-<?[  ♦UJsi n(QZ)dZ 
Jo 

The  function  4(Z)  is  the  polymer  density  profile  expressed  as  volume  fraction 
of  polymer,  and  is  a  function  of  the  distance  from  the  surface,  Z.  The  two 
integrals  will  be  called  the  cosine  and  sine  transforms  of  the  polymer  density 
profile.  Expressing  the  transforms  as  Taylor  series  gives 

(10) 


and 


4 
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The  zeroth  moment  of  the  density  profile,  <Z°>,  Is  Just  the  Integral  over  $(Z) 
from  0  to  «,  and  gives  the  polymer  coverage  of  the  substrate.  The  product  of 
<Z°>  and  the  specific  volume  of  the  polymer  gives  the  coverage  in  mass  of 
polymer  per  unit  area  of  the  substrate.  The  ratio  <Z>/<Z°>  is  the  average 
thickness  of  the  polymer  layer.  It  is  clear,  therefore,  that  much  can  be 
learned  about  the  adsorbed  layer  just  from  the  limiting  behavior  of  the  trans¬ 
forms  as  Q  approaches  zero. 


Scattering  from  Spheres  with  Grafted  Polymer 

When  the  spheres  have  a  grafted  polymer  layer,  the  scattered  intensity  is 
written 


(ID 


'-lp-al<Fl>  +  a2,<F  *>  +  a\„<F\H> +  2a  ,a  ,<F  ,F  ,>  +  2a  sa  SH<F  SF  ,„>  +  2a  ,a  S„<F  ,F  s 
1  0 

By  taking  the  difference  between  equations  11  and  8,  we  obtain  the  terms 
associated  with  the  polymer  layer. 

A 1(0)  ,  ,  (12) 

—^-a2<F2,>*2asa,<FrFs>*2araSH<F,FSH> 


i 


By  evaluating  the  terms  in  equation  12  we  get 


«?*)*&/ 
9  V\lQ 


<*?(/?♦  ll)-2ara5I s*  2ara5H[(smDQ)lc  +  (\  -  cos QD)1 5) 


(13) 


Given  D,  for  every  experimental  value  of  Q,  there  are  two  unknowns  in  equation 
13,  Ic  and  I*.  In  principle,  uy  doing  scattering  experiments  in  only  two 
mixtures  of  nydrogeneous  and  deuterated  dispersants,  and  thus  having  data  at 
two  different  contrasts,  one  has  enough  information  to  solve  for  the  two 
transforms  at  every  value  of  Q.  This  procedure  is,  even  in  principle,  valid 
only  if  the  nature  of  the  polymer  adsorption  is  independent  of  isotopic  sub¬ 
stitution  in  the  dispersant.  In  practice,  if  Ic  and  Is  are  to  be  determined 
with  any  reasonable  level  of  confidence,  one  should  have  scattering  data  with 
several  mixtures  of  hydrogeneous  and  deuterated  dispersants. 


The  Question  of  a  Depletion  Laver. 

Consider  polymer  chains  grafted  to  a  surface  by  one  end.  Suppose  that 
the  net  polymer- surface  interaction  is  not  favorable  for  adsorption  --  indeed, 
that  if  the  chains  were  not  grafted  to  the  surface  they  would  not  adsorb. 

Under  these  circumstances  there  is  theoretical  reason  to  believe  that  the 
polymer  density  profile  would  be  one  with  a  maximum  some  distance  out  from  the 
substrate  surface.  We  could  define  a  region  from  Z  -  0  to  some  value  of  Z 
less  than  the  value  for  the  maximum  in  the  density  profile  as  a  depletion 
layer  --  i.e.  a  layer  within  the  domain  of  adsorbed  polymer  that  is  both  close 
to  the  substrate  surface  and  significantly  depleted  of  polymer. 

For  example,  consider  the  two  hypothetical  polymer  density  profiles  given 
below  and  shown  in  figure  1.  4 


-  (constant )e  07 


(14) 


♦  2  -  (constan t )Z*e  aZ 


a  n  d 
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Figure  1 


DISTANCE  FROM  ADSORBING  SURFACE 

Polymer  density  profiles  with  and  without  a  depletion 
layer.  The  solid  line  represents  40(Z)  and  the  dashed 
line  $2(Z).  Units  are  arbitrary. 


Profile  ♦o(Z)  shows  no  depletion  layer.  The  density  of  polymer  repeat 
units  drops  off  steadily  with  increasing  Z.  Profile  AjCZ),  on  the  other  hand, 
shows  a  depletion  region.  Definition  of  the  depletion  layer  is  rather  arbi¬ 
trary,  but  clearly  there  is  little  polymer  between  Z  -  0  and  Z  -  10  (in 
arbitrary  units) . 

Figures  2  and  3  show  the  sine  and  cosine  transforms  for  the  hypothetical 
density  profiles  defined  above. 

Notice  that,  in  the  case  of  ♦j(Z),  for  Increasing  Q,  both  transforms  go 
through  a  maximum,  cross  the  Q  axis,  demonstrate  a  minimum  and  then  increase 
towards  zero.  Behavior  of  the  transforms  for  ♦o(Z),  which  shows  no  depletion 
layer,  is  entirely  different.  They  both  demonstrate  a  maximum  and  then 
decrease  monotonically  toward  zero  with  increasing  Q. 

At  least  for  the  family  of  hypothetical  density  profiles  of  the  sort 
given  in  equation  14,  a  depletion  layer  is  characterized  by  profile  transforms 
that  cross  the  Q  axis  and  demonstrate  both  a  maximum  and  a  minimum.  Further 
analysis  is  under  way.  But  in  the  interim,  we  suggest  that  these  criteria  may 
serve  to  "fingerprint"  the  presence  of  a  depletion  layer. 
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Figure  2 


0  [reciprocal  Angstromsl 

Sine  and  cosine  transforms  of  *2(2),  the  hypothetical 
segment  density  profile  that  demonstrates  a  depletion 
layer.  Solid  line;  cosine  transform.  Dotted  line; 
sine  transform. 


Figure  3 


0  [reciprocal  Angstromsl 

Sine  and  cosine  transforms  of  *0(2),  the  hypothetical 
segment  density  profile  that  does  not  demonstrate  a 
depletion  layer.  Solid  line;  cosine  transform. 
Dotted  line;  sine  transform. 
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Emarlaantal  Result! :  Th»  Grafted  Polymer  Lever 

We  used  equation  13  to  determine  Ic  and  Zs  using  scattering  data  taken 
from  dispersions  in  50,  60,  70  and  100%  deuterated  IPA.  Preliminary  calcula¬ 
tions  indicated  that,  as  long  as  the  scattering  length  density  of  the  spheres 
is  not  too  close  to  that  of  the  dispersant  (i.e.,  not  near  the  matching 
point),  the  first  term  on  the  right-hand  side  of  equation  13  is  negligible. 
This  Implies  that  scattering  effects  due  to  interference  between  the  polymer 
layer  and  the  hydroxyl  shell,  and  the  polymer  layer  and  the  body  of  the  sphere 
are  greater  than  the  effect  of  scattering  from  the  polymer  layer  itself.  This 
is  not  unreasonable,  since  there  is  less  mass  of  grafted  polymer  than  mass  of 
either  sphere  or  hydroxyl  layer. 


Figure  4 


Experimental  sine  transform  over  a  range  of  small  Q. 


Experimental  sine  transform  over  an  intermediate 
range  of  Q. 
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In  the  analysis  shown  here,  we  used  combinations  of  50  and  60%,  60  and 
70%,  and  70  and  100%  deuterated  IPA  to  determine  three  different  Is(0)  func¬ 
tions.  The  average  of  these  three  were  then  used,  along  with  experimental 
data  to  determine  IC((J)  for  each  of  the  four  dispersant  mixtures. 

The  results  are  shown  in  figures  it,  5  and  6. 


Figure  6 


0  Ireciprocal  Angstroms] 

Experimental  cosine  transform  over  an  intermediate 
range  of  Q. 


Agreement  of  the  various  transforms  computed  from  the  scattering  results  in 
the  various  dispersant  mixtures  was  surprisingly  good  at  low  <J.  However,  the 
agreement  between  the  IS(Q)  for  the  three  pairs  of  contrasts  became  quite 
unsatisfactory  at  higher  Q.  The  poor  agreement  between  Is(0)  determined  from 
experiments  using  50  and  60%  DIPA  and  the  other  two  sets  (see  figure  6)  may  be 
because  these  measurements  were  made  too  near  the  matching  point  of  the 
spheres  for  the  first  term  on  the  right  hand  side  of  equation  13  to  be  negli¬ 
gible. 

Both  transforms  demonstrate  a  maximum  and  then  become  negative  with 
increasing  Q.  The  cosine  transform  then  demonstrates  a  clear  minimum.  The 
behavior  of  IS(Q)  with  increasing  Q  is  not  so  clear.  Nonetheless,  there  is 
evidence  of  a  minimum,  especially  if  the  50-60%  DIPA  data  (that  which  is 
suspect)  is  ignored. 

We  conclude  that,  to  the  extent  we  can  rely  on  the  criteria  described 
above,  the  results  indicate  that  the  polymer  density  profile  in  our  experimen¬ 
tal  system  demonstrates  a  depletion  layer.  Additional  scattering  experiments 
and  analysis  are  required  before  we  can  quantify  the  polymer  density  profile 
in  detail. 


J, 
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MECHANICALLY  INDUCED  SILICA-SILOXANE  MIXTURES. 

STRUCTURE  OF  THE  ADSORBED  LAYER  AND  PROPERTIES  OF  THE  NETWORK  STRUCTURE 
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ABSTRACT 

Properties  specific  to  silica-siloxane  mixtures  are  analysed  and  discus¬ 
sed.  The  effect  of  polymer  adsorption  is  interpreted  from  the  Gaussian  statis¬ 
tics  of  chains  :  the  amount  of  adsorbed  polymer  Qr  is  proportional  to  the 
square  root  of  the  chain  molecular  weight.  The  kinetics  of  adsorption  is  des¬ 
cribed  as  a  process  of  surface  saturation.  It  is  discussed  as  a  function  of 
the  silica  concentration.  The  effect  of  swelling  of  the  mixtures  is  interpre¬ 
ted  within  the  statistical  framework  proposed  by  Flory  for  ordinary  gels. 

I.  INTRODUCTION 

This  description  deals  with  typical  properties  observed  from  siloxane 
polymers  filled  with  silica  particles.  The  addition  of  the  particulate  filler 
to  poly(direthylsiloxane)  (PDMS)  chains  was  achieved  from  a  mechanical  mi¬ 
xing  .  The  contact  of  the  polymer  melt  with  the  surface  of  silica  gives 
rise  to  a  process  of  adsorption  through  the  formation  of  hydrogen-bonds. 

Each  hydrogen-bond  is  supposed  to  link  one  si land  group  of  the  surface  to 
one  oxygen  atom  of  the  skeleton  of  a  PDMS  chain.  Several  hydrogen-bonds  can 
be  formed  between  the  silica  surface  and  one  end-methylated  chain.  This  un¬ 
dergoes  ar  uniform  adsorption.  An  end-adsorption  occurs  when  siloxane  chains 
are  hydrovyl  terminated,  in  this  case  a  double  hydrogen  bond  is  established 
between  one  chain-end  and  one  si land  group  of  the  surface. 

Invef tigations  concerning  properties  of  silica-siloxane  systems  are  de¬ 
veloped  .wording  to  three  main  topics. 

i)  Thi*  first  one  deals  with  the  interface  formed  by  monomeric  units  bound 
to  the  si.ica  surface.  This  interface  must  be  characterized  from  the  number 

r  of  coi.  .act  points  of  one  chain  with  the  surface.  It  is  also  characterized 
from  the  distribution  of  positions  of  these  contact  points  upon  the  surface 
of  particles.  The  number  r  contributes  to  the  determination  of  the  free  en¬ 
thalpy  of  adsorption  of  one  chain. 

ii)  "he  second  topic  concerns  the  interphase  formed  by  loops  and  tails. 
The  interphase  determines  the  transition  between  the  solid  state  of  silica 
particles  and  the  liquid  state  of  the  polymer  defined  from  siloxane  chains 
which  arr  more  freely  because  they  are  not  adsorbed.  The  interphase  must  be 
characterized  from  the  distribution  of  lengths  of  loops.  Coated  particles 
which  are  not  bridged  to  one  another  govern  the  flow  process  of  mixtures  cha¬ 
racterize  J  by  low  silica  concentrations. 

iii;  An  infinite  cluster  is  formed  when  the  concentrati on  of  particles 
is  high  ■  tough  and  the  polymer  chains  have  an  appropriate  length.  This  infi¬ 
nite  clutter  results  from  a  percolation  process.  It  behaves  like  a  permanent 
gel  when  »11  free  chains  have  been  removed  from  the  initial  mixture.  It  must 
be  characterized  from  an  effect  of  swelling  induced  by  a  good  solvent  or 
from  an  el  feet  of  uniaxial  stretching. 


II.  THE  INTERFACE 

Fumed  silica  was  bought  from  Degussa.  Aggregates  are  made  from  elementa¬ 
ry  beads.  The  average  diameter  of  one  bead  is  about  140  )L  Therefore,  the 

2  -1 

ideal  specific  area  is  200  m  g  .  However,  the  real  specific  area  A^  measu¬ 
red  from  particles  is  150  m^  g-1  (B.E.T.).  The  discrepancy  corresponds  to  the 
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reduction  of  surface  used  to  build  aggregates  or  agglomerates.  The  estimate 
of  the  average  number  of  silanol  groups  participating  in  the  adsorption  pro- 
-1  -2  °-2 

cess  is  =  1.8  x  10  A  Silica  particles  have  a  fractal  character  in¬ 
vestigated  from  neutron  scattering  [1],  The  fractal  exponent  is  D  =  1.9. 


XI. 1  -  Average  number  of  contact  points 


The  average  number  of  contact  points  of  one  chain  with  the  silica  sur¬ 
face  can  be  determined  from  either  of  two  experimental  ways. 

The  first  one  corresponds  to  the  measurement  of  the  residual  amount  of 

polymer  left  bound  to  silica  after  removing  all  free  chains  (2).  This 
quantity  is  measured  as  a  function  of  the  polymer  molecular  weight  Mn,  at 

i 

constant  silica  concentration  Cg^.  The  weight  Qr  is  defined  per  unit  mass 
of  silica  ;  it  is  found  to  obey  a  linear  dependence  upon  the  square  root  of 

Mn  :  i  — , 

°r  =  *a  Mn  (1) 

-3  -1/2 

with  x  9  4  x  10  (g/mole)  .  This  law  holds  for  chain  molecular  weights 

3  —  —  2-1 
ranging  from  Mn  -  1800  to  Mn  =  3600  x  10  g  mole  .  A  simple  analysis  of  this 

result  is  given  by  assuming  that  the  average  number  of  contact  points  of  one 

chain  is  : 

<  r  >  =  ea/N  (2) 

c 

N  is  the  number  of  skeletal  bonds  and  ea  accounts  for  the  effect  of  chain 


stiffness.  Then, 


At  /  Mm 


A  is  the  Avogadro  number  and  accounts  for  an  effect  of  bridging  between 

particles  ;  Mm  is  the  average  molar  weight  of  one  skeletal  bond.  Values  of 

ea  and  p  are  close  to  one. 
a 

The  other  experimental  way  used  to  determine  <r^>  is  the  magnetic  rela¬ 
xation  of  protons  linked  to  PDMS  chains.  The  time  dependence  of  the  relaxa¬ 
tion  function  of  the  transverse  magnetization  exhibits  two  well  defined  parts. 
The  first  one  varies  rapidly  with  time  ;  it  is  associated  with  protons  lin¬ 
ked  to  adsorbed  monomeric  units.  Its  amplitude  is  m^.  The  second  one  shows 
evolution  with  time.  It  corresponds  to  monomeric  units  forming  loops  and 

tails  ;  its  amplitude  is  m  .  The  ratio  t  =  m  /m  ♦  m  gives  the  fraction 

1  Boot 

of  monomeric  units  frozen  by  the  adsorption  process.  For  one  chain  : 

Tn=(l+p)rca/N/N  (4) 

B  a  v 

on  average  ;  y ^  accounts  for  frozen  neighbours  of  monomeric  units  linked  to 

the  surface.  Another  expression  of  x  is  : 

B 

AT  Mm  YV 


J  Q1  /I 
e  r 
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The  experimental  value  of  the  slope  of  the  straight  line  describing  t  as  a 
£  B 

linear  function  of  1/Q^  is  0.09.  The  experimental  value  of  the  slope  (1+p  ) 

ta  in  formula  (4)  is  3.3  .  Considering  that  A  =  150  m2g-1  and  Mm  =  37  g 
—2  —3  ^ 

mole  and  u  =  4x10  then  the  estimate  of  ea  (1+m  )  is  0.75  while  y  *5, 
a  a  v 

It  is  considered  that  the  condition  of  adsorption  illustrated  by  formu¬ 
la  (2)  is  firmly  established  from  experimental  results. 

11*2  -  Law  of  adsorption 

The  formation  of  the  adsorbed  layer  results  from  a  full  immersion  of 
all  particles  in  the  polymer  melt.  Consequently,  aggregates  and  agglomerates 
are  rapidly  surrounded  by  polymer  chains.  This  adsorption  process  is  very 
contrasted  to  that  observed  from  particles  in  suspension  in  a  polymer  solu¬ 
tion  .  It  is  characterized  by  two  main  features. 

i)  The  whole  surface  of  silica  is  instantaneously  in  contact  with  PDMS 
chains . 

ii)  PDMS  chains  compete  with  one  another  to  be  adsorbed  on  the  surface. 
Chains  in  a  molten  polymer  are  known  to  obey  a  Gaussian  statistics  ;  any 
chain  formed  from  N  skeletal  bonds  is  swollen  by  a  number  of  other  chains 

equal  to  /N,  on  average.  Any  time  one  chain  is  in  contact  with  the  surface, 
/N  other  chains  are  also  in  contact  with  the  same  area  of  the  surface. 

The  condition  of  adsorption  <rc>  =  Ea/N  has  been  recently  given  a  sim¬ 
ple  interpretation  by  assuming  that  any  adsorbed  polymer  chain  pictures  the 
random  flight  of  a  fictitious  particle  colliding  a  plane  [3].  Considering  an 
area  AT  of  the  silica  surface,  the  number  of  chains  of  N  skeletal  bonds  for¬ 
ming  r^  contact  points  is  : 


v 

c 


*N) 


/I 


-) 


(1*M  )  N’ 


-  r‘/2N 
e 


(6) 


Formula  (6)  is  the  simplified  expression  of  a  more  complicated  distribution 
function  (4].  Then,  the  total  number  of  adsorbed  chains  is  : 


v  =  /v  (r  ,N)  dr 
T  c  c  c 


/2/it 


e  o  ( 1+u  )  /N 
a  e  a 


this  leads  to  formula  (3)  and  (4)  with  c  =  eC/n/2. 


(7) 


II. 3  -  Clusters  of  contact  points 

The  desc. iption  of  the  adsorption  process  of  one  chain  relies  not  only 

on  the  determination  of  the  number  r^  of  contact  points  with  the  surface  of 

particles  but  also  upon  the  way  these  points  are  spread  on  silica.  Positions 

r  { j  =  1 ,  2 ,  . . .  r  of  these  contact  points  form  a  cluster.  The  radius  of 
J  c 

gyration  of  one  cluster  can  be  defined  in  the  usual  way  : 
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(Rg)2  =  I  i Rj-R  1 2  /2r2  (8) 

i.j 

The  average  of  (R^,)2  over  all  adsorbed  chains  leads  to  the  mean  square  size 
of  one  cluster  : 


e2  =  <(R2)>  (9) 

C  Cl 

A  correlation  function  g(o)  can  also  be  defined  to  characterize  the  cluster 
representing  the  binding  site  of  one  chain  ;  g(o)  is  the  probability  that 
a  contact  point  a  distance  p  apart  from  another  contact  point  belongs  to  the 
same  chain.  Although  the  detailed  expression  of  g{p)  is  not  known,  yet,  it 
obeys  simple  properties  :  g(o)  =  1  and 

[  g<P)  =  ■'8/^  e'/N  (10) 

P 

The  simplest  guess  about  the  distribution  of  contact  points  of  one  chain 
is  to  assumed  that  it  represents  a  two-dimensional  random  flight.  Considering, 
for  the  sake  of  simplicity,  that  the  mean  number  of  bonds  in  each  loop  is 
/N/ea,  then  the  mean  square  step  of  the  random  flight  is  /N  b2/ea  ;  conse¬ 
quently  the  mean  area  associated  with  the  twO'-dimensional  random  flight  is  : 

c  -  He2  =  IHr  >  /N  b2/6ea 
a  c  c 

=  n  N  b2/6  (11) 


b  is  the  average  length  of  one  skeletal  bonds  ;  the  quantity  ^  must  be  com¬ 
pared  with  the  area  actually  covered  by  one  chain  : 


Thus , 


o  -  <r>o  =  eao  /N 
c.  c  e  e 


o  /c  =  n  /N  b2/6ea  o 
a  c  e 


(12) 


This  result,  shows  that  about  /N  chains  are  adsorbed  upon  the  area  N  b  2, 
of  the  silica  surface. 


III.  THE  INTER PHASE 

Properties  of  the  interphase  are  determined  by  the  structure  of  loops 
and  tails,  i ,e.  by  the  distribution  of  lengths  of  corresponding  chain  segments. 

J II . 1  -  Average  thickness 

Neglecting  the  effect  of  bridging  of  particles,  due  to  polymer  chains, 
the  average  thickness  e  of  the  adsorbed  layer  is  estimated  from  the  specific 
area  and  the  amount,  of  polymer  bound  to  silica  : 

e  --  Qp/A^  p  (13) 

it  must,  vary  as  the  square  root,  of  the  chain  molecular  weight. 

T 1 1 . 2  -  Structure  of  loops 

by  neglecting  tails,  loops  can  be  described  within  the  framework  used 
in  Section  1 1. 2.  Thus,  a  given  configuration  of  one  adsorbed  chain  is  rharar- 
feri zed  by  contact  points  i.o.  r^  loops  ;  the  multiplicity  of  a  loop  for¬ 
med  from  n  skeletal  bonds  i  :>  ®  .  f  )  -  1.  2,  ...L  ).  The  total  number  of  dif- 
.!  .1  c 


ferent  kinds  of  loops  is  L  .  Then  : 


L 

c 

1  6j 

j=i  J 


r  and  [  n  .B  .  = 

c  .  j  J 


N. 


The  statistical  weight  of  this  configuration  is  : 

r  /2  L  38  72 

8(N,n.,B.;r  )  =  (£)  C  r  !  nc  l/(B.!(n.)  J  ) 

J  J  =  n  c  j=1  J  J 

with  . 


(14) 


and 


y  f!(N,n  ,,8  .;r  )  =  n  (N;r  ) 

J  J  c  c 

II  (N;r  )  *  /2/n  (r  /N* ^ 2 )  exp(-r*/2N) 


(15) 


The  distribution  function  (14)  leads  to  the  description  of  specific  pro¬ 
perties  of  the  adsorbed  layer  such  as  the  total  number  of  loops  longer  than 
a  given  number  n  ,  for  example. 

The  adsorbeS  layer  plays  a  crucial  role  in  the  determination  of  viscoe¬ 
lastic  properties  of  silica-siloxane  mixtures.  The  degree  of  stiffness  of 
loops  controls  the  elasticity  response  of  these  systems. 


IV.  GEL  BEHAVIOUR 

An  infinite  cluster  is  formed  through  a  percolation  effect  when  the  con¬ 
centration  of  silica  particles  is  high  enough  and  polymer  chains  are  not  too 
short.  For  example,  strong  gels  obtained  from  silica  concentrations  are 
higher  than  .09,  .17  and  .29  (w/w)  when  chain  molecular  weights  are  3600x10*, 
1500x10*  and  70xl05  g/mole-1  ,  respecti vely . 

The  random  lattice  formed  from  silica  aggregates  behaves  like  a  perma¬ 
nent  gel  after  removing  all  free  chains.  The  gel  is  permanent  as  long  as  the 
constraint  applied  to  the  mixture  is  weaker  than  a  given  threshold  determined 
from  the  number  of  contact  points  and  the  lengths  of  loops.  One  of  the  most 
characteristic  property  of  these  permanent  gels  is  the  swelling  effect  obser¬ 
ved  in  the  presence  of  a  good  solvent.  The  maximum  swelling  ratio  Qm  depends 
upon  the  texture  of  loops  connecting  silica  particles.  The  sw  Ming  ratio  Qm 
is  defined  by  dividing  the  volume  of  swollen  polymer  in  the  mixture  by  the 
volume  of  dry  polymer.  The  volume  of  silica  is  not  taken  into  consideration 
to  calculate  Qm.  As  it  is  well  known  from  the  simplest  descriptions  of  the 
swelling  effects  of  ordinary  polymeric  gels,  an  estimate  of  Qm  is  obtained 
by  considering  that  the  effect  of  osmotic  pressure  is  in  equilibrium  with 
the  effect  of  elasticity  of  chain  segments.  The  main  difficulty  encountered 
in  describing  the  swelling  process  of  silica-siloxane  mixtures  concerns  the 
determination  of  the  length  of  active  chain  segments  involved  in  the  cohesion 
of  the  gel.  A  simple  way  used  to  overcome  this  difficulty  is  to  consider  that 
the  number  of  active  segments  is  equal  to  the  total  number  of  hydrogen  bonds 

U*  =  A_/o  formed  on  the  silica  surface  ;  while  the  average  length  of  a  sog- 
H  T  e 

ment  is  given  by  ^/PpU^»  Dp  is  the  pure  polymer  density  .  Then,  according 
to  the  theory  proposed  by  Flory,  the  swelling  effect  is  well  described  from 

0s -  0/2  =  Ql/v  p  u"  (  If.) 

m  m  r  s  P  H 

where  vs  is  the  molecular  volume  of  solvent.  This  description  has  b*»en  found 
to  be  in  agreement  with  experimental  by  varying  both  Qr  and  the  number  of 
links  between  the  silica  surface  and  PDMS  chains.  This  number  is  varied  by 
treating  the  silica  surface  to  prevent  silanol  groups  from  forming  hydrogen 
bonds  • 
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V.  KINETICS  OF  ADSORPTION 

The  amount  of  polymer  adsorbed  on  the  silica  surface  is  a  time  dependent 
function  Qr(t)  until  an  equilibrium  is  reached.  At  the  end  of  the  mechanical 
mixing  most  part  of  the  surface  is  covered  by  PDMS  chains.  The  surface  is 
nearly  saturated  by  this  initial  amount,  of  polymer  hereafter  called  Qr(o). 
However,  chain  segments  defining  loops  may  be  too  stretched  because  of  the 
presence  of  constraints  exerted  during  the  mechanical  mixing.  The  structure 
of  the  binding  site  of  any  given  chain  is  supposed  to  vary  with  time  until 
an  equilibrium  between  retractive  forces  and  hydrogen-bonds  is  obtained.  This 
corresponds  to  the  completion  of  the  surface  saturation.  The  description  of 
the  adsorption  process  relies  upon  two  hypothesis.  It  is  considered  as  resul¬ 
ting  from  a  conventional  diffusion  process  occuring  in  the  presence  of  an 
absorbing  screen  .  Also,  it  is  supposed  to  obey  an  excluded  surface  ef¬ 

fect  :  the  adsorption  process  occurs  on  free  parts  of  the  surface,  only.  Then, 

Qr(t)  =  Qr  -  (Qr-Qr(o) )exp  -/t/9  ,  (17) 

typical  values  of  o  are  hours  ;  they  <  'pend  upon  the  temperature  of 

.adsorption.  End-hydroxy lated  chains  are  more  xupidly  adsorbed  than  end-methy¬ 
lated  one  i  b  !•  The  increase  of  the  concentrat ion  of  silica  has  been  found 
to  increase  the  rate  of  adsorption  ef  PDMS  chains.  This  experimental  result 
has  been  given  a  simple  interpretation.  Considering  long  polymer  chains,  the 
addition  of  silica  particles  induces  an  effect  of  bridging  between  particles. 

The  limit  value  of  the  amount  of  adsorbed  polymer  is  expressed  as  : 

(/  U  )  --  )  1 18 » 

r  a  r  a 

,TJ 

where  corresponds  to  the  maximum  amount  of  polymer  adsorbed  on  the  surface, 
without* any  bridging  effect.  The  parameter  u  depends  upon  the  concentration 
of  silica.  Then,  it  can  be  shown  that  the  time  constant  e  is  also  a  function 
of  More  precisely  : 

'  -•  iJ  (191 

a  a 

0  is  measured  in  the  absence  of  bridges  between  particles.  The  value  of  the 

nttio  _ 

/o ( u  )  /  y  ( p  i 
a  r  a 

has  been  estimate.}  for  three  concentrations  of  silica  :  3.,  2.5  and  3.2  for 
C  .  =  .09,  .17  and  .29  w/w,  respectively.  The  increase  of  the  rate  of  adsorp¬ 
tion  upon  addition  of  silica  results  mainly  from  the  effect  of  bridging  indu¬ 
ced  by  polymer  chains.  The  activation  energy  of  adsorption  corresponds  to 
about  18  Kc.'il  mole"1. 

VI.  CONCLUSION 

The  mixing  of  silica  particles  to  siloxane  chains  dors  not  correspond 
to  a  simple  addition  of  hard  objects  to  a  fluid  medium.  The  elementary  process 
of  adsorption,  is  well  localized  by  the  formation  of  one  hydrogen  bond  ;  the 
corresponding  energy  of  adsorption  is  hardly  higher  than  the  thermal  energy, 
a*-  room  temperature.  This  process  induces  a  polymer-silica  interaction  well 
appropriate  to  the  determination  of  a  broad  range  of  properties  of  the  mixtu¬ 
res.  The  fractal  character  of  particles  is  also  involved  in  the  specific  be¬ 
haviour  of  this  finely  divided  matter. 
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ABSTRACT 

The  mechanical  properties  of  epoxy  resins  and  epoxy  resin/graphite  fiber 
composites  are  adversely  affected  by  moisture  absorption.  Incorporation  of 
masked  isocyanates  that  unmask  to  release  isocyanates  in  situ  at  the  cure 
temperatures  (150-177°C)  reduce  the  equilibrium  absorption  up  to  -70%. 
Dynamic  mechanical  analyses  and  stress-strain  properties  of  epoxy  resins 
containing  masked  isocyanates  were  examined  to  determine  their  effect  on 
mechanical  properties.  The  ultimate  Tg  of  the  epoxy  is  reduced  by  incorporation 
of  masked  isocyanate,  but  the  actual  Tg  is  comparable  to  the  "as  cured"  Tg  of  the 
epoxy.  The  dynamic  moduli  up  to  the  Tg  are  relatively  unaffected.  In  a  number 
of  cases,  the  initial  modulus,  elongation  at  break  and  peak  stress  are  equal  or 
better  than  the  unmodified  resins. 

INTRODUCTION 

In  structural  and  aerospace  applications,  epoxy  resins  are  used  as  the 
matrices  in  fiber  reinforced  composites  that  have  high  strengths  and  moduli  and 
are  light  weight.  The  adverse  effect  of  moisture  on  mechanical  properties  is  one 
major  drawback  of  epoxy  resins.  Upon  curing,  the  epoxy-amine  systems  generate 
hydrophilic  groups  such  as  hydroxyl,  secondary  and  tertiary  amine  groups  and 
residual  oxirane  and  primaiy  amine  groups  (and  in  some  cases  sulfone)  that  can 
interact  with  water.  Water  is  also  absorbed  into  the  unoccupied  volume  of  the 
cured  epoxy  resins.  The  sorbed  water  plasticizes  the  resins.  lowers  the  glass 
transition  temperature  (Tg),  causes  swelling,  induces  stresses,  chemical  bond 
cleavage  and  debonding  of  the  fiber-matrix  interface.  Enhanced  craze  initiation 
and  crack  propagation  reduce  the  serviceability  of  composites.  Attempts  to 
reduce  moisture  absorption  of  epoxy  have  been  reported  by  several  workers.  (See 
Fisher  et  al.[l),  Hu  et  al.  [2]  and  references  therein.) 

Fisher  et  al.  [1 J  showed  that  the  polar  functional  groups  in  cured 
tetraglycidyl-4,4'-diaminodiphenyl  methane  (TGDDM)  -  diaminodiphenyl 
sulfone  (DDS)  (73/27  wt%)  thin  films  reacted  with  a,  a,  a-trifiuoro-m-tolyl 
isocyanate  (MTFPI)  in  dimethylsulfoxide  (DMSO)  at  70°C,  and  reported  a  54  % 
reduction  in  moisture  absorption.  Hu  et  al.  |2]  obtained  75  and  69  %  reductions  in 
equilibrium  water  absorption  by  reacting  the  hydroxyl,  amine,  and  epoxide 
functional  groups  of  cured  TGDDM-DDS  epoxy  thin  film  (20-50  pm  thick)  with 
pentafluorobenzoyl  chloride  and  2,  4-difluorophenyl  isocyanate  in  N, 
N’-dimethylacetamide,  respectively.  The  reactants  were  allowed  to  diffuse  into 
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the  resin  films  which  had  been  previously  swollen  with  solvent.  This  technique  is 
not  feasible  with  the  thicker  films  £150  pm)  because  the  films  crack  due  to 
successive  swelling. 

The  objectives  of  this  study  were  to  study  the  effect  of  masked  isocyanates, 
incorporated  into  TGDDM-DDS  epoxy  prior  to  curing,  on  reduction  in  moisture 
absorption  and  on  the  mechanical  properties  of  the  ep  ixy  and  its  composite. 
Dynamic  mechanical  analysis  and  tensile  tests  were  employed. 


EXPERIMENTAL 

MY720  Araldite®  Epoxy  (primarily  TGDDM)  was  placed  into  a  mixing  jar 
at  105-1 10°C.  The  calculated  amount  of  DDS  (27  wt%)  was  added  slowly  into  the 
mechanically  stirred  TGDDM.  The  mixture  was  stirred  until  all  the  DDS  was 
apparently  dissolved.  The  prepolymer  was  degassed  at  1 10°C  for  30  min,  cooled 
in  a  desiccator,  removed  and  stored  in  nitrogen  filled  bags  in  a  refrigerator  at 
5°C. 

The  masked  isocyanates  were  synthesized  according  to  procedures  reported 
by  Lonikar  et  al.  [3]  from  cyclohexyl  isocyanate,  hexamethylene  diisocyanate  or 
phenyl  isocyanate  masked  with  alcohols,  phenols  or  fiuorinated  phenols  (Table  1 ). 
They  were  incorporated  into  the  epoxy  by  slowly  adding  to  the  heated  prepolymer 
C105-1 18°C)  and  stirred  until  completely  dissolved. 

Thin,  bubble-free  films  with  uniform  thickness  were  prepared  by  curing 
the  prepolymer  between  the  extra  smooth  Teflon®  sheets.  The  sample  thickness 
was  controlled  by  using  a  Mylar®  film  as  a  spacer  (0.02cm  thick).  The  samples 
were  degassed  at  1 10°  C  for  30-45  min  and  cured  at  1 50°C  for  1  h  and  177°C  for 
5  h  under  a  nitrogen  atmosphere. 

The  graphite/epoxy  composite  samples  were  prepared  by  hand-winding 
graphite  fiber  tows  around  a  9cm  x  5cm  x  0.1cm  Teflon®  window  to  keep  the 
graphite  in  place.  The  prepolymer  was  applied  on  both  side  of  the  tows  and  cured 
in  the  same  manner  as  the  resins. 

Water  absorption  of  the  cured  epoxies  specimens  immersed  for  6  months 
was  measured  gravimetrically  at  25°C.  The  dynamic  mechanical  analyses  (DMA) 
were  made  with  a  Rheovibron  Viscoelastometer  DDV-II-C  (Toyo  Baldwin  Co., 
Japan)  equipped  with  a  Autovibron  automatic  system  (Imass,  U.S.  A.),  at  a 
frequency  of  1 1  Hz  and  a  heating  rate  of  2.5°C/min  over  the  temperature  range  of 
-120  to  300°C.  The  Tg  was  defined  by  the  temperature  at  the  maximum  of  the 
loss  tangent  spectrum  (a-transition).  The  tensile  tests  were  performed  using  a 
Instron  tensile  tester  at  a  speed  of  5  mm/min  (ASTM  D  882)  and  a  gauge  length  of 
2.54  cm. 


RESULTS  AND  DISCUSSION 

DSC  and  IR  verified  that  the  masked  isocyanates  reacted  with  the  epoxy  [31. 
No  unrcactcd  epoxides  remained  in  the  system  following  the  cure  at  177°C.  The 
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DMA  and  reductions  in  water  absorption  are  listed  in  Table  2.  In  general, 
significant  reductions  of  water  absorption  were  obtained.  The  highest  reduction, 
70%,  was  obtained  with  masked  isocyanate  #9. 

A  typical  DMA  spectrum  of  the  "control"  epoxy  is  shown  in  Figure  1  a 
where  the  storage  modulus  (E')  and  the  loss  tangent  (tan  8)  are  plotted  as  a 
function  of  temperature.  The  DMA  results  agree  well  with  those  previously 
reported  [4],  There  are  3  transitions  in  the  tan  8  spectrum:  a  y-  transition  around 
-60°C,  attributed  to  the  crank  shaft  rotational  motion  of  the  glycidyl  portion  of 
the  epoxy  after  reaction  with  curing  agent  [4,5];  an  a-transition  at  180-200°C  or 
the  "as  cured  Tg"  associated  with  vitrification  before  the  epoxides  fully  react;  and 
an  a-transition  around  285°C  or  the  ultimate  Tg  (Tg°°)  associated  with  the  fully 
crosslinked  system.  The  average  elastic  modulus  E'  at  25°C  is  2.16  x  1010 
dynes/cm2  (for  a  Length/Area  (L/A)  =  901  cm-1)  and  is  1 .71  x  1010  dynes/cm2 
(for  LA=  702  cm-1).  L/A  affects  the  modulus  value:  the  higher  the  L/A  the 
higher  the  apparent  modulus  [4] .  Approximately  the  same  L/A  was  used  in  order 
to  compare  the  moduli  of  the  "control"  and  the  modified  epoxies. 

In  general,  the  DMA  spectra  of  the  epoxies  containing  masked  isocyanates 
have  2  transition  peaks:  a  y-transition  around  -60°C  and  an  a-transition 
approximately  38  to  130°C  lower  than  the  Tg°°  of  the  "control"  epoxy.  The 
a-transition  peak  of  most  of  the  modified  epoxies  is  broader  and  has  a  higher 
magnitude  than  that  of  the  "control"  epoxy.  The  broadening  of  the  transition 
region  on  the  tan  8  spectrum  can  be  attributed  to  a  broader  molecular  weight 
distribution  and  a  plasticizing  effect  of  the  masked  isocyanate  [6].  (The  magnitude 
of  tan  8  is  related  to  the  distance  between  crosslinks,  Mc,  as  well  as  the  presence  of 
plasticizers.)  The  increase  in  magnitude  of  tan  8max  with  increasing  Mc  (or  lower 
crosslink  density)  reflects  the  increasing  ability  of  polymer  to  absorb  energy  as 
the  molecular  constraints  are  reduced;  the  greater  separation  of  crosslinks  permits 
greater  mobility  of  chain  segments  [7 ).  The  incorporation  of  the  masked 
isocyanates  #2,  #7,  #8,  and  #9  caused  a  higher  magnitude  of  the  tan  8  peak. 
Therefore,  the  epoxies  containing  these  masked  isocyanates  probably  have  a  lower 
degree  of  crosslinking  than  the  "control"  epoxy.  The  epoxies  containing  masked 
isocyanates  #5  and  #10  have  a  lower  magnitude  of  tan  8  and  a  much  broader  peak. 
This  may  be  due  to  a  broad  molecular  weight  distribution  between  crosslinks  or 
to  heterogeneous  crosslinked  structures.  Since  both  masked  isocyanates  have  low 
unmasking  temperatures,  they  probably  unmasked  and  reacted  with  TGDDM  or 
DDS  before  all  the  DDS  reacted  with  TGDDM. 

The  DMA  spectrum  of  the  epoxy  containing  26  mole  %  of  masked 
isocyanate  #7  is  shown  in  Figure  lb.  The  Tg°°  is  about  177°C.  and  the  E'  is  2.35  x 
1010  dynes/cm2  (L/A  =  1066  cm1).  Masked  isocyanate  #7  unmasks  at  about 
180°C.  At  this  temperature,  most  of  the  TGDDM  probably  has  reacted  with  DDS. 
The  masked  isocyanate  #7  therefore  reacts  with  the  OH  and  NH  groups  on  the 
epoxy  rather  than  reacting  with  the  TGDDM.  lire  result  is  a  more  uniform  Mc 
than  the  epoxy  containing  masked  isocyanate  #5,  and  the  tan  8  peak  at  transition  is 
narrower.  The  Tg°°  is  lower  than  the  "control"  epoxy,  possibly  because  of  the 
plasticization  of  the  polymer  network  and  the  flexibility  of  the  crosslinks 
involving  hexamethylene  groups  of  the  diisocyanate.  However,  the  room 
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Table  1  Masked  isocyanates  Data 

No.  Isocyanate  Masking  Agent  Melting  Unmasking 

Temp.(“C)  Temp.(°C) 

1  a,a,a-Trifluoro-o-  Pentafluorophenol  73 

tolyl  isocyanate 

2  Phenyl  isocyanate  Phenol  125  130 

3  Phenyl  isocyanate  FC-10**  88  130 

4  Hexamethylene  FC-10**  105  185 

diisocyanate 

5  Hexamethylene  n-Butanol  88  120 

diisocyanate 

6  Hexamethylene  Pentafluorophenol  169  170 

diisocyanate 

7  Hexamethylene  Phenol  136  180 

ditsocyanate 

8  Cyclohexyl  isocyanate  Phenol  137  130 

9  Cyclohexyl  isocyanate  Pentafluoro-  J48  130 

thiophenol 

10  Cyclohexyl  isocyanate  2,4-Difluoro-  83  120 

benzylalcohol 

1 1  Phenyl  isocyanate  ATBN 

12  Phenyl  isocyanate  DDS  173  175 

*  Solution  unmasking  temperature 

**  FC-10  =  C'/.5Fi6SO2N(C2H5)CH2CH20H 


Table  2  Ultimate  glass  transition  temperatures,  loss  tangents,  elastic  moduli  and  reduction  in 

water  absorption  of  the  "control"  epoxy  and  epoxies  containing  masked 
isocyanates,  and  the  Tg“  of  the  composites 


Masked 

Mole 

Wt 

Resin 

tan  8  max 

E'  at  25°C 

%  Reduction 

Composite 

Isocyanate 

(%) 

(%) 

Tg°° 

(x  lO-W 

in  water 

Tg~ 

Number 

(°C)* 

dynes/cm^) 

absorption 

(°C)* 

Control 

. 

_ 

285****  0.48 

2.16 

. 

286 

1.71*** 

2 

20 

28 

183 

1.11 

1.51*** 

40 

187 

5 

20 

22 

247** 

0.32 

2.30 

17 

226 

1.78*** 

7 

26 

29 

177 

0.80 

2.35 

39 

186 

2.09*** 

49 

44 

155 

0.93 

1.83*** 

55 

8 

20 

28 

192 

0.99 

2.15 

45 

186 

9 

20 

37 

169 

1.04 

2.10 

70 

171 

10 

20 

33 

246** 

0.39 

1.83 

30 

199 

11 

- 

9 

228 

0.77 

1.53 

0 

242 

12 

- 

35 

243 

0.65 

1.50 

11 

246 

*  Temperature  at  which  tan  8  is  maximum 
**  Broad  tan  8  peak 

***  Short  autovibron  sample  (L/A  <  718  cm1) 
****  The  "as-cured"  Tg  is -180°C 
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Table  3  Tensile  properties  of  "control”  epoxy  and  epoxies  containing  masked 
isocyanates 


Masked  Wt% 

Peak  stress 

Change 

Peak 

Change 

Initial 

Change 

Iso¬ 

(x  10-8 

in 

Strain 

in 

Modulus 

in 

cyanate 

dynes/cm^) 

Stress 

(%) 

Strain 

(x  10-10 

Modulus 

Number 

(%) 

(%) 

dynes/cm^) 

(%) 

Control- 

6.5 

_ 

8.2 

_ 

1.6 

2  28 

6.7 

+3 

8.5 

+4 

1.7 

+6 

5  22 

6.5 

0 

8.2 

0 

1.6 

0 

7  29 

8.1 

+25 

8.4 

+2 

1.6 

0 

8  28 

4.0 

-38 

4.7 

-43 

1.5 

-6 

9  37 

3.5 

-46 

4.6 

-44 

1.7 

+6 

10  33 

6.2 

-5 

8.2 

0 

1.6 

0 

11  9 

4.6 

-29 

7.8 

-5 

1.2 

-25 

12  35 

6.2 

-5 

10.2 

+24 

1.2 

-25 

:  s  :  :  t  :  °  :  s  :  i  :  ;  s  ^  t  s  :  s 


TCMPCIUTUftC  (C) 

Figure  1  Dynamic  mechanical  spectra  of  (a)  "control''  epoxy  (b)  epoxy  containing  masked 
isocyanate  #7 


Tf  i  C  I 


Figure  2  Dynamic  mechanical  spectra  of  a  T300/epoxy  composite  containing  masked 
isocyanate  #7 
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temperature  E’s  are  higher  than  the  "control"  epoxy,  possibly  because  of  a 
reduction  in  the  matrix  free  volume  which  would  restrict  the  short-range  motion 
of  the  matrix  polymer  chains  [8-10]. 

The  DMA  spectra  of  T300/epoxy  composites  containing  masked  isocyanate 
#7  are  shown  in  Figure  2.  The  Tg=»,  tan  8  and  E'  of  the  composites  are 
summarized  in  Table  2.  The  Tg°°'s  of  most  of  the  T300/epoxy  containing  masked 
isocyanates  are  about  the  same  as  the  epoxy  resins  except  for  those  containing 
masked  isocyanates  #5  and  #10.  The  Tgoo's  of  the  latter  two  are  ~20°C  lower  than 
the  Tg's  of  most  the  modified  epoxies.  The  tan  8  peaks  of  these  two  composites 
are  narrower  than  those  of  the  corresponding  resins.  The  reason  for  this  change 
is  not  clear. 

The  magnitudes  of  the  tan  8  peaks  at  the  a-transition  of  all  the  composites 
are  slightly  lower  than  those  of  the  corresponding  resins.  However,  the 
magnitudes  of  the  tan  8  peaks  of  the  composites  containing  masked  isocyanates  are 
higher  than  the  "control"  composite,  which  suggests  that  the  former  had  a  lower 
extent  of  cure. 

The  E’  of  all  the  composites  found  in  this  study  are  lower  than  those  of  the 
corresponding  resins.  This  may  be  due  to  1 )  low  length/area  ratio,  2)  the 
composites  were  manually  prepared  and  therefore  they  were  non-uniform,  and 
perhaps  3)  poor  adhesion  of  the  epoxy  to  the  fibers.  Also,  the  E'  of  the  modified 
composites  should  not  be  compared  with  the  "control"  composite  because  of 
difficulty  in  controlling  the  weight  ratio  of  the  graphite  fiber  to  epoxy.  However, 
from  the  DMA  data  of  these  hand-prepared  composites,  no  major  adverse  effects 
are  caused  by  the  incorporation  of  the  masked  isocyanates  on  the  interface 
between  the  fibers  and  the  matrix. 

The  peak  stresses,  peak  strains  and  initial  moduli  form  tensile 
measurements  of  films  of  the  modified  epoxy  resins  are  reported  in  Table  3.  The 
typical  stress-strain  diagram  of  TGDDM-DDS  epoxy  reveals  a  yield  point,  which 
was  also  observed  by  Morgan  [11].  The  initial  moduli  of  epoxy  films  containing 
masked  isocyanates  #2  and  #9  were  about  6%  higher  than  the  "control"  epoxy. 

The  initial  modului  obtained  with  the  specimens  having  masked  isocyanate  #5,  #7 
and  #10  incorporated  were  about  the  same  as  that  of  the  "control"  epoxy,  but  for 
the  specimen  containing  masked  isocyanate  #8  was  about  6%  lower.  The  lowest 
moduli  were  obtained  from  epoxies  containing  9  wt%  of  ATBN-PhNCO  and  35% 
DDS-PhNCO  (-25%).  In  general,  the  tensile  moduli  are  in  relative  agreement 
with  the  DMA  results. 

Epoxies  containing  masked  isocyanates  #2  and  #7  had  higher  peak  stresses, 
peak  strains  and  initial  moduli  than  the  "control"  epoxy,  and  therefore  higher 
toughness  than  the  "control"  epoxy.  Epoxies  containing  masked  isocyanates  #5 
and  #10  had  about  the  same  peak  stresses,  peak  strains  and  initial  moduli  as  the 
"control"  epoxy,  or  about  the  same  toughness.  Epoxies  containing  masked 
isocyanates  #8,  #9  and  #1 1  had  lower  peak  stresses  and  peak  strains  than  the 
"control"  epoxy.  Epoxy  containing  #12  had  a  lower  peak  stress  and  initial 
modulus  but  higher  peak  strain  than  the  "control"  epoxy. 
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SUMMARY 

The  incorporation  of  a  series  of  masked  isocyanates  into  TGDDM-DDS 
epoxy  results  in  specimens  with  properties:  1)  with  Tg's  that  are  38-  130°C  lower 
than  the  Tg°°,  but  are  about  the  same  as  the  "as  cured"  Tg  of  the  "control"  epoxy, 
2)  with  dynamic  elastic  moduli  at  room  temperature  up  to  the  Tg  and  initial  tensile 
moduli  of  the  epoxies  containing  masked  isocyanates  that  are  generally  about  the 
same  or  higher  than  the  "control"  epoxy. 

The  DMA  of  T300  graphite  fiber/epoxy  composites  (90°-orientation)  made 
from  epoxies  containing  masked  isocyanates  showed  that  the  Tg's  were  about  the 
same  as  the  corresponding  unfilled  epoxies.  There  was  no  evidence  of  adverse 
effects  of  :he  masked  isocyanates  on  the  interfacial  region. 
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ABSTRACT 

Over  the  years,  the  conventional  involvement  of  short 
fiber  reinforced  composites  in  electrical  applications  has 
been  as  electrical  insulation.  Contrary  to  this  approach, 
with  the  increasing  need  of  bettei  electromagnetic 
interference  (EMI),  radio-frequency  interference  (RFI) 
shielding  and  control  of  electrostatic  charge  distribution 
(ESDI  for  computer,  defense,  space  exploration  and  some 
high-tech  structural  components,  it  is  expected  that  the 
development  of  conductive  polymeric  composite  materials  will 
grow  strongly  and  significantly. 

An  experimental  investigation  is  designed  to 
systematically  evaluate  the  mechanical  properties  and 
electrical  properties  of  metal  fiber  reinforced  composites 
subjected  to  various  loading  conditions.  In  this  study, 
chopped  Inconel  601  (nickel  base)  metal  fiber  with  a  fixed 
fiber  aspect  ratio  (length/diameter  ratio)  is  used  to 
reinforce  commercially  available  thermoset  polyester  resin. 
Mechanical  testing  of  custom  made  samples,  failure  analyses 
using  visual  inspection,  light  microscopy  and  SEM  are 
conducted  to  understand  the  fracture  behaviors  and  possible 
failure  causes  in  such  composites.  The  feasibility  of  using 
metal  fiber  polymeric  composites  in  structural/electrical 
applications  is  discussed  in  this  paper. 

INTRODUCTION 

Polymers  have  been  well  known  for  their  electrical 
insulating  properties  and  great  strides  have  been  made  in 
electrical  and  electronic  applications,  mainly  related  to 
electrical  insulation.  Consequently,  research  has  been 
directed  to  improve  the  dielectric  strength  of  polymers  so 
that  they  can  be  used  for  better  insulators.  In  the  past  few 
years,  with  the  advent  of  electrically  conductive  polymers, 
their  potential  to  perform  as  active  roles  in  conducting 
electricity  has  been  discovered  and  realized  (ref.  1).  Recent 
polymer  researches  have  revealed  that  polymers  can  indeed 
conduct  electricity  as  well  as  metals.  Now  the  electrically 
conductive  polymers  can  be  used  as  antistatic  coatings,  fuel 
cell  catalysts,  solar  electrical  cells,  photoelectrodes  in  a 
photogalvanic  cell,  protective  coatings  on  electrodes  in 
photoelectro-chemical  cells,  and  as  light  weight,  inexpensive 
batteries . 


Mat.  Rat.  Sot.  8ymp.  Proc.  Vol.  171.  '  1990  Matarlala  Rtaaarch  Soclaty 
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Due  to  the  increasing  need  of  light  weight,  low  cost, 
moldable,  and  high  specific  strength  for  defense  and  high-tech 
applications,  it  is  expected  that  the  development  of 
electrically  conductive  polymeric  materials  will  grow 
rapidly.  It  ir  understood  that  conductive  plastic  housings 
and  molded  parts  can  be  beneficial  to  the  controls  of 
electromagnetic  interference  (EMI),  radio-frequency 
interference  ( RFI )  shielding  and  electrostatic  charge 
discharge  (ESD)  distribution.  Advanced  research  studies  have 
shown  that  there  are  three  possible  methods  to  make  polymers 
conductive.  The  first  approach  is  to  apply  a  thin  conductive 
coating  onto  the  molded  part.  This  approach,  however,  is 
costly  and  not  efficient  because  of  involving  a  two-step 
operation  which  increases  the  difficulties  in  obtaining  a  good 
adhesion  as  well  as  a  uniform  coating.  The  second  approach  is 
often  held  by  synthesis  or  by  doping  (ref.  2-5).  Synthesis  is 
done  by  side  reactions.  One  of  the  major  side  reactions 
involves  the  benzene  ring.  Other  reactions  lead  to  branched 
and  cross-linked  polymers.  Doping  involves  oxidation  and 
reduction  reactions.  This  method,  usually  produces  polymeric 
compounds  such  as  polyacetylene  and  polyphenylene,  although  is 
proved  to  be  effective  and  has  been  widely  used,  problems  rise 
from  conductive  polymers  themselves  such  as  their 
processability,  stability,  mechanical  and  physical  properties, 
etc.  The  last  approach,  proposed  in  this  study,  is  to 
incorporate  electrically  conductive  fillers  in  the  polymeric 
resin  matrix.  Many  conductive  materials  such  as  carbon, 
metals,  metal-coated  fillers  in  the  form  of  powders,  flakes, 
particles,  particulates,  and  fibers  can  be  randomly  dispersed 
into  a  resin  matrix  and  form  a  so-called  "conductive 
composite."  This  approach  so  far  appears  to  be  a  viable 
solution  to  the  development  of  conductive  polymers.  Due  to 
the  lack  of  systematic  research  study  in  this  area,  material 
properties  are  hardly  found  in  the  application  of  such 
materials.  Much  research  is  urgently  needed  to  fully 
understand  the  interrelationships  among  structure,  property 
and  processing  prior  to  their  commercial  utilizations  (ref. 
1-6)  . 


The  conductive  polymeric  composite  was  first  presented  in 
1966  by  Garland  (ref.  7).  He  used  silver  particles, 
approximately  50  to  200  microns  in  diameter,  to  reinforce  a 
thermoset  phenol-formaldehyde  (Bakelite)  resin  matrix.  His 
experimental  data  indicated  that  metal-filled  polymers  undergo 
a  sharp  transition  from  an  insulator  to  a  conductor  at  a 
critical  volume  concentration  of  metal  fillers.  In  his  study 
the  electrical  resistivity  remained  almost  constant  until  the 
silver  volume  concentration  of  18%  is  reached  -  then  it  droped 
drastically  and  the  whole  composite  became  an  electrical 
conductor.  Since  Gui land's  work,  many  other  researchers  have 
reported  different  sharp  transition  from  insulators  to 
conductors  at  different  volume  concentrations  (ref.  8-15). 
Among  their  studies,  Dearaujo  and  his  co-investigator  (ref. 

10)  had  found  that  normally  at  least  40%  volume  fraction  of 
metal  fillers  was  needed  in  order  to  make  a  composite 
conductive . 
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Recently,  because  of  short  fiber  reinforced  composites 
can  offer  design  flexibility,  weight  reduction,  energy  savings 
and  high-volume  production  for  structural  applications,  they 
are  widely  used  in  automotive,  recreation,  business  machinery, 
electrical  appliance,  and  military  applications.  Metal  fiber 
reinforced  composites  become  highly  desirable  to  meet  the 
aforementioned  requirements  not  only  for  load-bearing 
capability  but  electrical  conductivity  as  well,  which  normally 
metal  particle  reinforcement  cannot  achieve.  However,  not 
much  work  has  been  done  in  this  area.  Experimental  data  were 
found  only  limited  to  individual  cases.  Davenport  (ref.  16) 
mentioned  in  his  study  that  the  metal  fiber  length  (L)  to 
diameter  (D)  ratio  (known  as  aspect  ratio)  in  a  composite  must 
have  100  or  more  in  order  to  induce  electrical  conductivity. 

He  demonstrated  the  electrical  conductivity  should  be  a 
function  of  L/D.  In  addition,  the  fiber  packing  density  is  a 
significant  factor  which  is  closely  associated  with  the  ratio 
of  L/D  (ref.  17).  Bigg  and  stutz  investigated  a  stainless 
steel  fiber  (8  microns  in  diameter,  aspect  ratio:  760) 
reinforced  ABS  system,  and  found  that  the  composite  had  an 
electrical  resistivity  of  0.70  ohm-cm  at  the  fiber  volume 
concentration  of  1%  (ref.  18).  They  also  claimed  in  their 
research  that  a  highly  conductive  composite  can  be  achieved 
with  a  low  concentration  of  metal  fibers  by  simply  using  high 
aspect  ratio  fibers.  Their  work,  although  seems  very 
promising,  yet  needs  to  be  proved.  Most  of  the  metal  fiber 
reinforced  composites  were  emphasizing  on  the  electrical 
properties  rather  than  the  mechanical  properties. 

Nickel  has  long  been  considered  as  preferred  metal 
because  of  its  low  electrical  resistivity.  In  this  study, 
Inconel  601  nickel  based  fiber  with  a  dimeter  of  8  microns  and 
an  aspect  ratio  of  125  was  heavily  used  to  reinforce  a 
commercially  available  thermoset  polyester  resin.  Composite 
samples  were  made  in  coupon  shapes  depending  on  the  test 
requirements.  Both  mechanical  and  electrical  measurements 
were  further  conducted  to  help  understand  the  micromechanical 
behavior  as  well  as  electrical  conductivity. 

SPECIMEN  PREPARATION  AND  TESTING 

Chopped  Inconel  601  metal  fibers  were  donated  by  Bekaert 
Fiber  Technologies.  Tu  prevent  the  sizing  effect  from  the 
interfacial  bonding  between  fiber  and  rein  matrix,  a  thin 
water-soluble  PVA  (polyvinyl  alcohol)  coating  originally 
attached  to  fibtrs  was  removed  from  Inconel  fibers  prior  to 
the  process.  Fiber  volume  concentration,  varied  from  0%  to 
50%,  was  carefully  controlled  as  material  parameter  to  conduct 
this  study.  Metal  fibers  were  completely  mixed  with 
appropriate  amount  of  polyester  resin  and  MEKP  (Methyl  Ehtyl 
Ketone  Peroxide)  curing  agent  in  a  chemical  beaker  based  on  a 
predetermined  volume  ratio.  The  nixure  was  then  poured  into 
an  aluminum  mold  for  cure.  Traditional  compression  molding 
practice  was  em ployed  in  the  curing  process,  pressure  was 
around  17  psi  (1.17  x  10-'  Ta)  and  temperature  war,  sot  at 
156°  F  (180*0.  Specimen  dimensions  were  carefully  prepared 
accoi Jing  to  ASTM  standard  test  methods. 
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RESULTS 


Table  1.  Tensile  Test: 


Fiber  Ratio 
(v%) 

Tensile  Strength 
(MPa) 

Young's  modulus 
(Gpa) 

0 

55 

23 

5 

50 

23 

10 

41 

23 

15 

42 

25 

20 

44 

23 

25 

51 

26 

30 

47 

25 

35 

43 

29 

40 

38 

29 

Table  2.  Impact  &  Flexure  Tests: 


Fiber  Ratio 
(v%) 

Impact  Strength 
(J/m) 

Flexural  Strength 
(MPa) 

0 

17 

65 

5 

17 

68 

10 

18 

66 

15 

18 

68 

20 

21 

70 

25 

19 

71 

30 

22 

71 

35 

25 

71 

40 

23 

72 

Electrical  Measurement: 

Resistivity:  6.79  x  10-6  ohm-cm 

Very  high  resistance  at  fiber  ratios  below  30% 

Resistivity  --  1.0  ohm-cm  at  45% 
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The  tensile  and  flexure  tests  were  performed  in  a 
screw-driven  computer-asisted  Satec  testing  machine.  A 
testing  speed  of  0.1  in. /min.  (2.54  mm/min.)  was  used  for 
tensile  and  flexure  tests.  The  ASTM  method  D257  was  also 
followed  to  measure  the  volume  resistance  of  each  sample. 

The  test  data  were  collected  and  discussed  in  the  following 
sections . 

RESULTS  AND  DISCUSSION 

Tensile  test  data,  as  shown  in  Table  1,  have  demonstrated 
that  fiber  concentration  can  indeed  increase  the  tensile 
strength  of  the  composite.  Young's  modulus  is  also  improved 
as  well.  It  is  interesting  to  note  that  the  small  fiber 
concentration  at  the  ratio  lower  than  10  volume  percent  will 
not  contribute  to  the  increase  of  entire  tensile  strength. 
According  to  the  study,  fiber  concentration  at  25  %  has  the 
maximum  UTS.  It  is  found  that  fiber  orientation  along  the 
pulling  direction  will  have  significant  effect  to  tensile 
properties.  Since  the  specimens  are  prepared  through  a 
casting  process,  the  fiber  orientation  in  all  direction  is 
assumed  the  equal.  Impact  test  data  (in  Table  2)  reveal  that 
impact  strength  increases  with  the  addition  of  metal  fibers. 
However,  there  is  a  limitation  set  at  35%.  Low  fiber 
concentration  impairs  the  impact  strength  of  the  composite. 
Optica]  microscopy  indicates  that  because  of  the  existing  of 
metal  fibers,  small  air  bubbles  are  attached  to  fiber  ends, 
which  is  believed  to  be  responsible  for  the  degraded  impact 
strength.  Three  point  (flexture)  test  data  show  that  fiber 
fillers  can  improve  the  flexural  strenth  of  the  composite,  as 
shown  in  Table  2.  It  is  also  noticed  that  metal  fibers  can 
dissipate  some  energy  in  a  crack  propagation.  In  other  words, 
with  the  addition  of  metal  fibers  the  crack  pattern  of  a  given 
composite  shifted  from  a  pure  tension  failure  mode  toward  a 
more  shear  failure  mode,  which  increases  the  flextural 
properties.  Fiber  pull-outs  and  fiber  breakage  are  some 
evidence.  In  the  electrical  measurements,  a  critical  fiber 
concentration  is  recorded.  Electrical  resistivity  of  1.0 
ohm -cm  is  measured  at  the  fiber  volume  ratio  of  45%,  which  is 
unexpected  high.  However,  when  fiber  concentration  falls 
below  30%  the  electrical  resistance  remains  almost  constant, 
that  is  the  composite  is  an  electrical  insulator.  In  this 
study,  metal  fiber  reinforced  composites  did  undergo  a  sharp 
transition  which  is  inconcert  of  Garland's  work  (ref.  7). 

CONCLUSION 

Because  of  excellent  electrical  conductors,  metal  fibers 
are  suitable  additives  for  inducing  electrical  conductivity  in 
traditionally  known  insulators,  polymer  materials.  Inconel 
metal  fibers,  although  proved  to  be  effective  reinforcing 
elements,  are  considerably  denser  than  expected. 
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It  is  found,  during  this  study,  that  the  explanation  of 
the  fracture  behavior  in  a  metal/polymer  composite  is  often 
diff.cult  to  make,  because  it  involves  with  many  unseen 
factors  such  as  stress  concentration,  orientation  effect, 
viscoelastic  behavior  etc..  While  significant  progress  has 
been  made,  much  work  still  needs  to  be  done.  A  systematic 
approch  including  experimental  and  theoretical  techniques 
should  be  developed  to  help  understand  the  nicromechanisms  and 
to  elucide  the  interrelationships  among  structure,  property 
and  processing.  Several  factors  such  as  fiber  concentration, 
fiber  aspect  ratio,  interface  compatibilit  y  between  fiber  and 
marix  can  then  be  studied  accordingly.  The  aforementioned 
suggestions,  if  applicable,  may  lead  to  a  complete  data  bank 
setup  which  may  eventually  benefit  all  the  designers, 
engineers,  and  scientists  who  are  using  conductive  composites 
in  their  work. 
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ABSTRACT 

The  deformation  of  polylacrylir  ae id  )-ro- (aery lamide )  gels 
and  poly (vinyl  alcohol )-poly (aery  1  it:  acid)  gels  under  an 
electric  field  was  investigated.  Bending  of  these  ionic  gels 
was  induced  by  an  electic  field.  Using  this  deformation,  we 
constructed  a  prototype  of  a  robot  hand  having  soft  fingers, 
and  an  aitificial  fish  able  to  swim. 


INTRODUCTION 

A  polymer  gel  is  a  crosslinked  polymer  network  swollen  in  a 
liquid  medium.  Polymer  gels,  “sol  id- 1 iqu id  coexistant  materials 
are  candidate  “biomimetic  materials".  Recently,  tin  lr 
mechanical  strength  becomes  very  close  to  living  muscle.  In  a 
soft  structure  of  gels,  a  motion  of  polymer  network  and  a 
diffusion  of  ions  take  place  easily  by  an  external  stimulus. 
Therefore,  polymer  gels  have  various  possibilities  as  advanced 
functional  polymers. 

A  typical  function  of  a  gel  containing  ionic  groups  is  to 
bend  reversibly  under  the  influence  of  an  electric  field’  . 
making  it  useful  in  some  actuators  driven  by  an  electric  field. 
In  this  paper,  deformation  of  the  gels  under  an  electric  field 
is  presented. 


DEFORMATION  OF  POLYMER  GELS  UNDER  AN  ELECTRIC  FI  El  I) 

Acrylic  acid-acrylamide  copolymer  gels  (PAAm  gels)  swollen 
in  aqueous  electrolyte*  solution  show  three  types  of  deformation 
under  the  influence  of  a  d.c.  electric  field  ;  shrinking, 
swelling  and  bending,  as  shown  in  Fig.1.’"  The  tv(>e  of 
deformation  depends  cm  the  fraction  of  sodium  acrylate  ( AANa  ) 
in  the  PAAm  gel.  the  shape*  of  the*  PAAm  gel  and  the  ixisrtion  of 
the  gel  between  the  positive  and  the  negative  e  I  ec  t  rode-- .  A 
PAAm  gel  with  a  low  fraction  of  AANa  shrinks  on  the  surface 
facing  to  the  positive  electrode  (Fig. 1(a))  and  a  gel  wit),  a 
high  fraction  of  AANa  swells  on  the  positive  electrode  side  (Iig 
1(b)).  When  a  rectangular  gel  is  placed  parallel  to  the 
electrodes,  bending  of  the  gel  takes  place  toward  the  positive 
electrode  (Fig. 1(c))  or  toward  the  negative  electrode  (Fig. 1(d)) 
according  to  the  fraction  of  AANa.  The  critical  fraction  of 
AANa  is  about  25moIS.  This  bending  behavior  is  similar  to  the 
buckling  of  a  bimetallic  strip  submitted  to  a  variation  of 
temperature.  Because  we  observed  the  bending  deformation  with 
gels  having  different  ionic  groups,  such  as  SO.Na  and  NK,(  1  . 
the  phenomenon  is  considered  to  he  a  general  pro|«*rty  of  ionic 
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(a)  (b)  (c) 

Fig.l  Deformations  of  PAAm  gels  under  'j.c.  electric  field. 

(a)  and  (c):for  small  fraction  of  AAna 

(b)  and  (d):for  large  fraction  of  AAna 


gels.  Of  course  the  direction  of  the  bending  is  inversed,  when 
the  sign  of  the  ionic  groups  is  changed. 


BENDING  OF  PAAm  GELS  WITH  HIGH  FRACTION  OF  AANa 

In  Fig. 2,  the  weight  gain  of  a  PAAm  gel  (rectangular  bar  : 
8«8*80min>  is  plotted  as  a  function  of  the  strain  in  bending. 
When  the  PAAm  gel  bends  semicircular,  the  strain  in  bending  is 


(unction  of  strain  Salt  Concentration  (10"‘  mol/1) 

in  bending. 


Fig. 3  Bending  speed  plotted 
as  a  function  of  salt 
concent  rat  ion . 


0 


S 
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Fig. 4  Time  dependence  of 
the  strain  when  the 
polarity  of  the 
applying  voltage 
is  changed  suddenly 


Fig. 5  Fatigue-rupture. 

In  Figs. 4  and  5,  symbols 
show  (0>  :  NaOH ,  (•>  :  Na^O, , 
(  0) : NaCl  and  (A^NaiCO,. 


0.225.  At  that  time,  a  weight  gain  of  15%  was  observed,  as 
shown  i n  Fig. 2. 

The  bending  speed  of  the  PAAm  gel  depends  on  three  factors. 
The  bending  speed  is  proportional  to  the  field  strength  and  the 
concentration  of  -COO'  in  the  gel.  The  speed  is  plotted  as  a 
function  of  salt  concentration  outside  the  gel  in  Fig. 3,  where 
the  strain  after  30  seconds  from  the  beginning  of  d.c.  supply 
of  50V  is  taken  as  the  vertical  axis.  There  is  a  maximum  in  the 
bending  speed,  and  the  salt  concentration  giving  the  maximum 
depends  on  the  valence  of  the  ions. 

By  the  change  of  polarity  (+50V  ,  -50V),  the  strain  can  be 
recovered  as  shown  in  Fig. 4.  This  suggests  that  it  can  be  bent 
repeatedly  by  an  a. c. electric  field. 

The  number  of  cycles  to  “fatigue-rupture”  depends  on  the 
kind  of  electrolytes  in  the  solution.  In  basic  electrolyte 
solutions,  such  as  NaOH  and  NaiCCb  ,  the  bending  speed  of  PAAm 
gel  is  constant  up  to  50  cycles.  In  neutral  salt  solutions, 
such  as  NaCl  and  NaiSO,  ,  the  speed  slows  gradually,  as  shown  in 
Fig. 5.  Some  cracks  occur  on  the  surface  of  the  gel  after  14  or 
15  cycles. 


BENDING  MECHANISM 

The  volume  of  a  gel  is  controlled  by  osmotic  pressure”.  The 
osmotic  pressure  V  is  given  as  the  sum  of  V,  ,  and  ¥,  which 
correspond  to  the  osmotic  pressure  due  to  the  solubility  of  the 
solvent  in  the  polymer  chain,  rubber  elasticity  and  ion 
concentration  difference  between  the  inside  and  the  outside  of 
the  gel,  respectively''. 
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tt  =  —  C  I  n  (  1  -  v  )  +  v  +  *  v  !  )  RT/Vi 

+  (  v  1  5  —  v  /  2)  RTu,  /V„  +  (Z.C,  -ZC  i  >  RT 

where  v  is  the  volume  fraction  of  the  polymer  network,  %  is  the 
solubility  parameter,  V„  is  the  volume  of  the  polymer  network 
under  the  dry  condition,  v,  is  the  number  of  chains,  V,  is  the 
molar  volume  of  the  solvent,  Ci  and  Cr  are  the  ion 
concentrations  inside  and  outside  of  the  gel,  respectively,  R 
is  the  gas  constant  and  T  is  the  temperature. 

At  equilibrium,  the  osmotic  pressure  x  of  the  gel  is  equal 
to  that  of  the  surrounding  aqueous  solution,  .  Then,  n,  , 
and  Jfi  have  the  definite  values,  respectively.  When  a  d.c. 
electric  field  is  applied  on  the  gel  in  the  aqueous  solution, 
the  counter  ion  and  the  free  ion  can  drift  to  the  positive  or 
the  negative  electrode,  whereas  the  polyion  can  not  move.  Then, 
varies  and  the  value  of  n  deviates  from  n o.  The  swelling  or 
the  shrinking  of  the  gel  occurs  until  the  gel  reaches  its  new 
equilibrium  state.  Since  the  ions  drift  at  the  different  speeds, 
depending  on  their  size  and  valencey,  the  osmotic  pressure  of 
the  positive  side  is  unequal  to  that  of  the  negative  side,  and 
bending  of  the  gel  occurs. 

PVA-PAA  GEL 

Although  PAAm  gels  bend  like  a  finger  under  an  electric 
field,  because  they  contain  99%  water,  their  mechanical 
strength  is  so  weak  that  they  break  easily.  It  is  necessary  to 
improve  the  mechanical  properties  of  the  polymer  gels,  to  apply 
them  as  actuators. 

A  PVA-PAA  <poly(vinyl  alcohol )-poly(acric  acid))  gel  is 
prepared  as  follows  ;  polylvinyl  alcohol)  saponified  over  95% 
and  polylacric  acid)  were  desolved  in  a  mixed  solvent  of  water 
and  DMSO.  The  pregel  solution  was  frozen  and  thawed  repeatedly. 
The  resultant  gel,  which  turns  white  at  this  point,  was 


Fig. 6  Conceptional 
picture  of 
PVA-PAA  gel . 


29 

Fig. 7  Diffracted  X-ray  from  the  dry 
PVA-PAA  gel . 
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£ 

Fig. 8  Tensile  stress- 
strain  curves. 


Fig. 9  Bending  of  the 
PVA-PAA  gel . 


immersed  in  a  NaOH  aqueous  solution  for  a  long  time  in  order  to 
dissociate  the  carboxyl  groups. 

The  PVA-PAA  gel  obtained  contains  90%  water.  Polymers  in 
this  PVA-PAA  gel  may  form  an  interpenetrated  polymer  network, 
as  shown  in  Fig. 6.  The  X-ray  diffraction  profile  from  a  dry  gel 
i s  shown  in  F i g . 7 . 

Fig- 8  shows  the  stress  -  strain  curve  of  the  PVA-PAA  gel  in 
a  tensile  test.  The  tensile  strength  and  the  elongation  to  the 
rupture  of  the  PVA-PAA  gel  are  more  than  50  times  as  large  as 
those  of  the  PAAm  gel ,  and  are  close  to  those  of  rubber 
vulcanizates .  The  PVA-PAA  gel  appeared  to  possess  high  shear 
strength  and  toughness. 

The  PVA-PAA  gel  bends  toward  the  negative  side  under  a  d.c. 
electric  field,  as  shown  in  Fig. 9.  The  bending  speed  of  the 
PVA-PAA  gel  is  almost  equal  to  that  of  the  PAAm  gel . 


POLYMER  GEL  ACTUATOR 

Fig. 10  shows  a  robot  hand  with  four  gel  fingers  composed  of 
a  PVA-PAA  gel .  The  each  gel  is  rectangular  bar  whose  sizes  are 
60mm  in  length  and  6x7mm  in  cross  section.  To  bend  the  gel,  a 
pair  of  electrodes  is  located  near  the  gel.  The  positive 
electrode  is  fixed  with  a  spacer  apart  from  the  gel.  The 
negative  electrode  is  embeded  on  the  surface  of  the  other  side 
of  the  gel.  The  robot  hand  can  pick  up  a  fragile  egg  in  safety 
in  a  NaaCO,  solution  by  applying  an  electric  field  of  50V. 

Fig. 11  shows  an  artificial  fish  composed  of  a  plastic  plate 
as  a  float  and  a  PVA-PAA  gel  as  a  tail  (30mm  in  lenglh,  10mm  in 
width  and  1mm  in  thickness).  In  NajCCL  solution  with  electrodes 
set  on  each  side,  the  fish  swims  by  waving  the  tail  as  the 
polarity  of  the  electric  field  (50V)  is  changed  alternately. 

The  swimming  speed  is  about  2cm/s. 

We  demonstrated  that  a  body  can  be  transfered  by  mechanical 
deformation  of  polymeric  material.  This  exhibits  a  new  type  of 
functionality  of  a  polymeric  material. 


A 


Fig. 1 1  Artificial  fish. 


Fig. 10  Robot  hand. 


CONCLUSION 

The  mechanical  response  of  the  PAAm  and  the  PVA-PAA  gels 
upon  the  electric  field  was  examined  experimentally.  The  gels 
can  be  bent  by  appling  a  d.c.  electric  field  across  the  gels. 

The  deflection  of  the  gel  is  considered  to  occur  due  to  the 
drift  of  ions  under  the  influence  of  the  applied  electric  field. 
Using  this  deformation,  we  constructed  a  prototype  of  a  robot 
hand  having  soft  fingers,  and  an  artificial  fish  having  a  soft 
tail,  both  driven  by  the  electric  field.  The  next  subjects  are 
to  realize  the  more  rapid  response  of  the  gel  and  to  increase 
the  modulus  in  order  to  increase  a  work  to  the  external . 
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ABSTRACT 


Biaxial  films  of  polylmlde  LARC-TPI  and  LARC-TPI / 1 Iquld  crystal  polymer 
Xydar*  were  extruded  directly  from  the  melt  for  the  first  time  via  an 
Innovative  new  extrusion  technique.  Three  types  of  films,  neat  LARC-TPI, 
LARC-TPI/10  wt  percent  and  30  wt  percent  blends  were  processed  as  a  part  of 
this  NASA  funded  program.  This  new  process  offers  an  alternative  technique 
to  costly  post-processing  stretching  of  both  solution  cast  and  sheet 
extruded  films.  The  post-processing  step  Is  often  required  to  enhance 
certain  properties.  Processability  was  greatly  enhanced  by  Incorporating 
Xydar.  The  coefficient  of  thermal  expansion  was  reduced  from  34  ppm/°C  for 
the  neat  LARC-TPI  to  15  ppm/°C  for  the  10  wt  percent  Xydar  blend  and 
ultimately  down  to  1  to  3  ppm/°C  for  the  30  wt  percent  blend  films  In  the 
direction  of  extrusion.  The  maximum  Improvement  In  stiffness  was  realized 
by  Incorporating  10  wt  percent  Xydar  (2.8  GPa  up  to  4.9  GPa).  Tensile 
strength,  however,  experienced  a  drop  as  a  result  of  Xydar  addition, 
probably  caused  by  Inefficient  mixing  of  the  two  phases. 


INTRODUCTION 


Today's  growing  demand  for  high  temperature,  high  performance,  and  low 
coefficient  of  thermal  expansion  (CTE>  polymers  requires  the  development  of 
new  polymeric  systems  and  novel  processing  techniques  [11.  One  such 
polymeric  system  drawing  much  recent  attention  Is  the  polylmlde  [2], 

In  our  study,  polylmlde  LARC-TPI  (Figure  1)  developed  by  NASA  was 
processed  both  In  the  neat  form  and  with  additives  Into  biaxial  films  by 
melt  extrusion.  To  our  knowledge,  this  marks  the  first  time  a  polylmlde 
has  been  melt  extruded  directly  from  the  fully  Imldlzed  powder  Into  biaxial 
films.  Our  film  processing  made  use  of  an  Innovative  extrusion  technique 
which  Imparts  biaxial  orientation  In  the  films  during  processing,  rendering 
post-processing  orientation  unneccessary.  Post-processing  stretching  Is  an 
often  required  step  for  property  enhancement.  Through  this  Innovative 
processing,  films  with  a  variety  of  orientations  from  near  uniaxial  to 
balanced  biaxial  can  be  extruded  in  a  one-step  process  without  the 
shortfalls  of  other  competing  film  processing  techniques. 

Fiber  reinforced  polymer  composites  have  been  shown  to  considerably 
Improve  the  engineering  performance  of  various  polymers  and  have  found 


''T§rc'tgr'90-E^Q“- 

0  o 

LARC-TPI 

Thermoplostlc  Polylmlde 


Figure  1.  Chemical  Composition  of  LARC-TPI 
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numerous  applications  In  aircraft,  automotive,  and  marine  Industries.  The 
traditional  Inorganic  filaments  such  as  glass  and  graphite  are  consistently 
challenged  by  newly  developed  high  modulus  and  high  strength  polymeric 
systems.  Examples  of  such  systems  Include  polyaramlde  (Kevlar®),  and  more 
recently  thermotropic  liquid  crystalline  polymers  (LCP).  LCPs  can  be 
processed  In  the  melt  state  and  are  capable  of  forming  highly  oriented 
crystalline  structures  when  subjected  to  shear  above  their  melting  point 
[3].  Their  rod-like  molecular  conformation  and  stiff  backbone  chains  allow 
the  LCPs  to  form  fibrous  chains.  Examples  of  LCPs  Include  Xydar  and 
Vectra®  manufactured  by  Ammoco  and  Hoechst  Celanese,  respectively. 


Experimental 


LARC-TPI  Is  produced  under  a  licensing  agreement  with  NASA  by  Rogers 
Corporation  of  USA.  and  Mitsui  Toatsu  Chemical  of  Japan.  Both 
manufacturers  produce  polyamlc  add  solutions  for  film  casting  and  fully 
Imldlzed  powders  for  Injection  molding.  Mitsui  Toatsu  also  manufactures 
LARC-TPI  1500  extrusion  grade  polylmlde  which  exhibits  a  modestly  lower 
melt  viscosity  than  the  Injection  molding  grade  LARC-TPI  1000  and  Is 
thermally  more  stable.  Mitsui  LARC-TPI  1500  was  the  only  grade  of  LARC-TPI 
successfully  extruded  Into  films  both  In  the  neat  and  the  blend  forms. 

Thermotropic  liquid  crystal  polymers  (LCP),  Xydar,  and  Vectra  were 
considered  as  additives  to  LARC-TPI.  Their  presence  Is  thought  to  (a) 
enhance  processability  of  LARC-TPI  by  reducing  the  melt  viscosity;  (b) 
create  a  fibrous  network  which  In  Itself  gives  rise  to  a  self-reinforcing 
mechanism  In  the  composite  similar  to  fiber  reinforced  composites;  (c) 
contribute  to  molecular  order  within  the  composite  causing  a  rise  In  the 
stiffness  and  resulting  In  a  decrease  In  the  coefficient  of  thermal 
expansion  (CTE)  due  to  restricted  movement  of  the  molecular  chains. 

The  LCP  selection  process  Included  considering  compatibility  In  the 
following  areas:  temperature,  rheology,  and  particle  size.  Xydar  was  the 
most  suitable  candidate  LCP  available  for  use  In  this  study.  In  all,  the 
following  types  of  films  were  successfully  blaxlally  extruded: 

•  Neat  LARC-TPI 

•  LARC-TPI/10  Xydar 

•  LARC-TPI /30  Xydar 

The  Individual  powders  were  seperately  dried  In  an  N2-purged  oven  at 
120°C  for  12  hours  followed  by  dry  mixing  of  the  two  components  and 
redrying  under  the  same  conditions  prior  to  extrusion. 

Extrusion  was  carried  out  with  a  specially  designed  laboratory  scale 
blown-film  apparatus.  Using  this  extruder,  blaxlally  oriented  polymeric 
films  were  formed  by  adjusting  a  series  of  easily  controllable  variables 
such  as  shear  rate,  feed  rate  and  take-up  speed.  Orientation  here  refers 
to  controlling  the  direction  of  the  polymer  chain  molecules  to  tailor 
properties  in  the  plane  of  the  film.  Visual  Inspection  of  the  transparent 
films  revealed  preferred  biaxial  orientation.  Angular  orientation  was 
verified  by  both  optical  microscopy  and  by  manually  measuring  the 
molecular  chain  orientation  with  respect  to  the  machine  direction. 

RliUlli 


Table  1  summarizes  the  studied  properties  of  the  extruded  films.  Comparing 
the  tensile  strength  values  of  the  near  uniaxial  and  the  ±24  deg  films,  the 
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effect  of  orientation  becomes  clear.  The  tensile  strength  of  the  near 
uniaxial  film  of  neat  LARC-TPI  was  28  percent  higher  than  the  *24  deg  film 
(126  MPa  compared  to  98  MPa).  This  property  Improvement  was  more 
pronouncea  with  increasing  Xydar  content  (45  percent  Increase  at  10  wt 
percent  Xydar  and  60  percent  at  30  wt  fraction).  The  stiffness  also 
followed  a  similar  trend.  Figure  2  plots  the  stiffness  versus  wt  fraction 
LCP.  A  higher  than  expected  Increase  In  stiffness  was  seen  at 
10  wt  percent  Xydar.  Although  we  are  currently  studying  the  mechanism 
giving  rise  to  this  phenomenon.  It  Is  possible  that  10  wt  fraction  Is  the 
loading  level  at  which  the  Xydar  fibril  network  Is  most  efficiently 
oriented  under  shear. 


Table  1.  Properties  of  Extruded  LARC-TPI  and  LARC-TPI /Xydar  Blends 


Film 

Tensile  Strength 

Stiffness 

CTE 

MPa 

HD*  TD** 

G  Pa 
MD 

TD 

ppm/°C 

MD 

Neat  LARC-TPI 
*24  deg  orient. 

98 

104 

2.8 

2.8 

34 

Neat  LARC-TPI 
near  uniaxial 

126 

2.6 

- 

28 

LARC-TPI/ 100,  Xydar 
*24  deg  orient. 

80 

52 

2.1 

2.3 

16-18 

LARC-TPI/ 10%  Xydar 
near  uniaxial 

113 

83 

4.8 

2.7 

14 

LARC-TPI/301  Xydar 
*24  deg  orient. 

63 

2.0 

- 

5-7 

LARC-TPI /30TL  Xydar 
near  uniaxial 

108 

3.3 

1-3 

•Machine  direction 
••Transverse  direction 


Figure  2.  Stiffness  versus  Ht  Percent  LCP 
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Figure  3  Is  a  plot  of  the  CTE  versus  wt  fraction  LCP  for  the  near 
uniaxial  extruded  films.  Addition  of  even  small  amounts  of  Xydar 
dramatically  decreased  the  CTE.  At  10  wt  percent,  the  CTE  was  reduced  by 
greater  than  55  percent.  The  results  suggest  that  the  Xydar  addition 
alters  the  mechanism  and  probably  substantially  hinders  molecular  chain 
movement  within  the  extruded  films.  Further  work  Is  underway  In  this  area 
which  will  address  these  Initial  findings. 

Figures  4  and  5  are  photomicrographs  of  tensile  failed  films  of  the 
neat  and  the  30  percent  Xydar,  respectively.  The  morphologies,  as 
suggested  by  the  micrographs,  are  noticeably  different.  The  failure 
mechanism,  as  suggested  bv  the  micrographs,  was  matrix  failure  followed  by 
fiber  failure.  There  Is  evidence  of  fiber  pull-out  to  support  this  theory. 


CONCLUSIONS 


Through  a  novel  process,  we  successfully  extruded  biaxial  films  of 
LARC-TPI  polylmlde  and  blends  of  LARC-TPI  with  the  LCP  Xydar.  To  our 
knowledge  this  Is  the  first  time  a  thermoplastic  polylmlde  has  been 
extruded  directly  from  the  melt  Into  biaxial  films.  This  simple  one-step 
process  presents  an  alternate  means  of  producing  high  performance  polylmlde 
films  In  high  volumes  and  cost-effectively.  It  eliminates  the  often 
neccessary  post-processing  film  stretching  to  enhance  certain  properties. 
It  also  eliminates  the  often  toxic  devolatilization  of  solvents  associated 
with  casting  operations. 

He  have  shown  that  through  LCP  blending  the  tensile  modulus  can  be 
Increased.  LCP  Incorporation  also  lowered  the  expansion  coefficient  (CTE) 
from  34  ppm/°C  In  the  neat  film  down  to  1  to  3  ppm/°C  at  30  wt  percent 
Xydar  loading. 


Figure  3.  Coefficient  of  Thermal  Expansion  versus  Ht  Fraction  LCP 


Work  Is  currently  underway  on  parallel  programs  to  further  study 
polylmtdes.  He  seek  to  better  understand  their  processing  parameters  and 
means  of  enhancing  their  properties. 


Figure  4.  SEM  Micrograph  of  Blaxlally  Extruded  Neat  LARC-TPI 


Figure  5.  SEM  Micrograph  of  Blaxlally  Extruded 
LARC-TPI/ 30  percent  Xydar  Blend  Film 
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ABSTRACT 

The  molecular  strurtnrr  of  a  series  of  perflnoroalkane  oligomers  having  two 
chains  attached  to  a  phenyl  group  in  the  para  position  has  been  stu<lie<  >y 
Fouri<*r  Transform  and  conventional  Raman  spectroscopy  at  ambient  ami  low  temper¬ 
atures.  From  comparison  with  model  compounds  bands  attributable  to  both  the  sub¬ 
stituted  phenyl  ring  and  the  perfluoroalkano  chains  could  be  assigned.  In  particular, 
the  low  frequency  region  was  investigated  as  a  function  of  temperature  am  1  pressure  in 
order  to  assess  the  impact  of  the  rigid  aromatic  core  on  the  Landshapes  and  frequencies. 

1.  INTRODUCTION 


The  use  of  fluorocarbon  oligomers  as  model  systems  to  study  semiflexible  poly 
liters  is  well  established  [1.2,3]  and  has  provided  a  significant  insight  into  the  role  of 
backbone  conformation  on  chain  stiffness.  In  addition  to  perfluororarbon  oligomers  a 
series  of  diblock  [4.5]  and  triblock  (6]  semifluorinated  alkanes  have  been  synthesized  and 
their  crystal  and  conformational  structure  studied  extensively.  Of  particular  interest 
in  the  triblock  series  was  the  effect  of  a  semiflexible  hydrocarbon  center  block  on  the 
frequency  and  intensity  of  the  low  frequency  Hainan  active  longitudinal  acoustic  mode 
(LAM).  Results  indicate  that  at  room  temperature  the  renter  block  participates,  with 
the  fluorocarbon  end  blocks,  in  the  accordion  like  motion  characteristic  of  LAM.  Abocc 
the  melting  point,  on  the  other  hand,  the  disordered  hydrocarbon  segment  serves  as  a 
weak  coupling  spring  perturbing  the  LAM  frequency  of  each  end  I  dock. 

It  is  the  purpose  of  the  present  study  to  replace  the  ..emiflexible  hydrocarbon 
block  with  a  rigid  aromatic  core  and  then  assess  its  effect  on  both  the  intensity  and 
frequency  of  LAM. 

2.  EXPERIMENTAL  METHODS 

The  ]>  hisperfluoroalkylhen/enes  were  prepared  by  copper  mediated  condensation 
of  the  appropriate  perfluoroalkyl  iodide  with  p  diiodobenzene  in  dimethylsulfoxide.  The 
purification  of  the  crude  products  was  accomplished  by  multiple  rerrysfalli/atiou  from 
acetic  acid. 

Differential  scanning  calorimetry  (DSC)  measurements  weir  performed  on  a  Du 
Pont  910  DSC  with  a  1090  controller.  A  scanning  rate  of  10  °(‘  /iuiu  was  used. 

Scanning  Raman  measurements  were  recorded  by  using  a  .lobin  Yvon  H(J  2S 
double  monochromator  configured  for  photon  counting  n»»d  interfaced  to  a  Nicolet  1180 
data  system.  \  ariable  temperature  studies  were  carried  out  in  a  vertical  Harney  Millei 
cell.  The  sample  temperature  was  maintained  constant  to  wit  bin  \  3  °C  . 

Raman  experiments  on  samples  under  pressure  were  performed  in  the  backseat 
feririg  geometry  using  a  Witsjmlloy  diamond  anvil  cell  with  metal  gaskets  The  presume 
was  determined  in  situ  from  the  peak  position  of  a  ruby  fluorescence  line  with  an  moi 
of  ±  1  kBar. 
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Fourier  transform  Raman  spectra  wore  collected  with  a  Doniem  DA3.02  inter 
ferometer  using  a  thonnoelectrioally  cooled  InGaAs  detector  [7].  The  excitation  source 
was  a  Spectron  Model  SLOO  cw  Nd:YAG  laser. 

3.  RESULTS  AND  DISCUSSION 

Thermal  analysis.  DSC  curves  of  the  semiHuorinated  phenyl  trihlocks  (FnPhFn) 
show  strong  melting  endotherms  between  GO  and  ISO  °C‘  .  as  shown  in  Fig.  1. 


Temperature  (°C) 


f  ig.  1  DSC  thermograms  of  some  semiHuorinated  n  alkanes  scanned  at  a  rat*'  of  10  °C 
/min.  Temperatures  refer  to  die  peak  positions. 

The  molting  temperature  increases  with  the  length  of  the  fluorocarbon  chains 
in  a  way  similar  to  the  perfliioro  alkanes.  However,  tlx*  compound  FTPhFT  exhibits 
an  anomalously  higher  melting  temperature  and  its  DSC  curve  is  typified  by  a  we;iker 
endofherm  around  17  °C  .  characteristic  of  a  solid-solid  phase  transition. 

The  heats  of  fusion  increase  continuously  with  the  length  of  the  Huoronlkane 

.•limn,  from  31  ^  (FGPliFCl  to  00  ^  <F12PhF12). 

Raman  measurements.  In  Figure  2,  the  Raman  spectra  of  three  semiHuorinated 
phenyl  triblocks  are  compared  with  those  of  perfluoro  n-alknnes  having  the  same  chain 
lengths. 


Frequency  icm  | 


Fig.  2  Unpolarized  Raman  spee- 
tra  (50  -  1700  rw'1  ) 

of  p-l>isperfluoroalkylbenzenes  and 
perfluoro-n-alkanes.  The  asterisk 
denotes  a  spurious  emission  line 
due  to  the  room  light. 


Fig.  3  Raman  spec 

tra  of  p-bisperfluoroalkylbenzenes 
recorded  with  Fourier  transform 
spectrometer.  A  resolution  of  4 
r»H-1  was  used  with  a  laser  power 
of  700  m\V  at  1.0G4  ftw. 
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Most  clearly,  a  new  hand  due  to  the  C  =  C  .stretch  of  the  phenyl  ring  occurs 
around  1025  cm" 1  .  In  addition,  there  are  bauds  due  to  the  ring  at  1095.  695  and  635 
rw~'  ,  which  are  not  present  in  the  perfluoroalkanes  and  do  not  shift  witli  the  chain 
length.  This  conclusion  is  emphasized  by  the  spectra  in  Fig.  3  measured  with  Fourier 
transform  Raman  spectroscopy.  This  technique  uses  excitation  in  the  near  infrared  and 
allows  the  Raman  spectrum  to  be  obtained  in  the  absence  of  fluorescence.  In  this  way 
the  Raman  spectra  of  all  the  FnPhFn  compounds  synthesized,  which  displayed  varying 
amounts  of  fluorescence  could  be  measured.  As  above,  bands  attributable  to  the  phenyl 
ring  can  be  recognized.  The  sharp  bands  in  the  700  750  cm-1  region  and  the  smaller 

ones  between  300  and  330  cm-1  are  assigned  to  various  —CFn  modes.  In  the  region  from 
800  to  1100  cm-1  a  number  of  bands  whose  frequencies  change-  with  chain  length  can  be 
seen.  For  instance,  the  band  at  915  etn'1  shifts  to  788  cm-1  when  going  from  F6PhF6 
to  FlOPhFlO.  Those  hands  ran  be  used  to  plot  out  portions  of  dispersion  curves  for  the 
polymer  [lj. 

The  low  frequency  spectra  (below  200  cm-1  )  are  in  the  rase  of  the  perfluoroalka¬ 
nes  dominated  by  an  intense  sharp  band  with  a  peak  frequency  varying  inversely  with 
chain  length.  It  has  been  assigned  to  the  Raman-active  longitudinal  acoustic  mode 
(LAM-1).  On  the  other  hand,  the  low  frequency  spectra  of  the  FnPhFn  oligo  show 
an  intense  but  rather  broad  band,  without  a  systematic  correlation  with  the  rh.  ..etigth. 
This  band  may  be  attributable  to  a  lattice  mode  involving  librations  of  the  phenyl  ring. 
Thus  the  insertion  of  the  ring  into  the  fluorocarbon  chain  seems  to  have  perturbed 
the  vibrational  normal  mode  structure  enough  to  remove  or  diminish  the  LAM  mode 
intensify. 

Previous  studies  [6]  on  triblock  setuifluoriuated  u-alkanes  have  shown  that  no 
decoupling  of  the  chain  vibration  occurs  at  the  juncture  between  helical  and  planar 
zigzag  conformations.  In  addition,  there  was  reasonable  agreement  between  the  observed 
LAM  values  and  those  calculated  with  the  skeletal  and  point  mass  approximations  [6.8]. 
Preliminary  normal  mode  calculations  were  performed  along  these  lines  to  investigate 
the  effect  of  a  rigid  core  on  tin'  LAM  in  phenyl  triblocks  with  semifluorinated  n-alkane 
chains.  Tin’  results  indicate  that  the  geometrical  change  has  a  significant  effect  on  the 
LAM  frequency  and  intensity,  though  it  may  not  decouple  LAM  vibrations  over  the 
entire  chain. 


Temperature  and  Pressure  Studies.  Decreasing  the  temperature  produces  only 
expected  changes  in  vibrational  linewidths  in  the  frequency  region  above  150  cm-1 
(Fig.  1).  By  far  the  largest  change  occurs  in  the  very  intense  low  frequency  band  for 
the  compound  F7PhF7.  When  lowering  the  temperature  from  22  °C  to  -71  °C  the  peak 
position  is  shifted  by  about  30  mi"1  to  higher  wavenumbers.  Also  the  width  of  the 
band  becomes  narrower,  which  is  consistent  with  a  restriction  of  the  ring  motion. 

F7PhF7  is  the  only  compound  of  the  series  exhibiting  a  rather  substantial  change 
in  tin'  Raman  spectrum  as  well  as  a  thermal  transition  la-low  room  temperature.  There¬ 
fore  it  appears  to  be  in  a  different  phase  at  room  temperature  than  its  even  chain  length 
analogs,  perhaps  due  to  a  different  crystal  structure  or  to  different  conformation  of  the 
lluot ocarbon  chains. 

Naively  one  would  expect  that  similar  changes  as  upon  cooling  occur  when  ap- 
pbitig  piessitie.  since  in  both  cases  the  packing  increases.  The  Raman  spectrum  of 
I  71‘lil'T  recorded  at  various  pressure  (Fig.  5)  shows  two  major  effects  oil  the  intense 
low  ftcquvurv  band.  At  a  pressure  near  1  kBar  tin-  baud  narrows  and  moves  to  lower 
Iteqin-ncy.  suggest  jug  a  restriction  of  the  ring  libration.  Above  9  kBar  a  new  band  at 
I i  m  1  appeals  |9j.  which  has  been  assigned  to  the  planar  zigzag  form  of  fluorocarbon 
«  bams  Ibts  indicates  that  the  fluorocarbon  portion  of  the  molecules  have  undergone 


T~  22” C 


Fig.  4  Raman  spectra  (50  -  1700  cm  1  )  of  FnPhFn  at  ahient  and  low  temperature 
The  asterisk  denotes  a  spurious  emission  line  due  to  the  room  light. 


Fig.  5  Raman  spectra  (20  1300  rm~f  )  of  FnPliFu  as  a  function  of  pressure.  T! 

upper  spectrum  was  taken  after  releasing  the  pressure. 
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a  conformational  change.  Correspondingly  the  low  frequency  hand  broadens  again  and 
sliifts  up  in  frequency,  as  the  lattice  mode  changes  in  response  to  the  new  molecular 
packing  of  the  fluorocarbon  chains. 

4.  CONCLUSIONS 

The  molecular  structure  of  a  series  of  semiftuorinated  alkane  chains  containing 
a  rigid  core  have  been  characterized  by  Raman  spectroscopy  in  the  visible  and  in  the 
near  infrared.  Vibrational  bands  due  to  the  phenyl  ring  and  the  alkane  chains  have 
been  identified.  The  low  frequency  spectrum  is  dominated  by  a  broad  band,  which 
we  attribute  to  a  lattice  mode  involving  ring  libration.  This  band  undergoes  large 
frequency  and  bandwidth  changes  as  a  function  of  temperature,  particularly  for  the  rase 
of  F7PhF7  which  exhibits  a  solid-solid  phase  transition.  Although  preliminary  normal 
mode  calculations  indicate  that  insertion  of  a  ring  into  the  fluorocarbon  chain  does  not 
necessarily  decouple  LAM  vibrations  over  the  entire  chain,  significant  perturbations  in 
the  LAM  position  and  intensity  are  possible.  This  may  account  for  the  fart  that  no 
band  attributable  to  LAM  is  observed  for  these  compounds. 
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ABSTRACT 

The  effect  of  low  power  nitrogen  and  ammonia  plasmas  on  carbon  fibre  surfaces 
has  been  studied  using  X-ray  photoelectron  spectroscopy(XPS)  and  scanning  electron 
microscopy  (SEM).  A  comparison  is  made  between  two  polyacrylonitrile  based  fibres  and 
a  pitch  based  fibre.  Grazing  angle  techniques  have  been  exploited  to  probe  only  the  first 
12-15A  of  the  fibre  surface.  Plasma  treatments  were  carried  out  in  an  insitu  plasma 
treatment  cell  which  was  attached  to  a  PHI  5400  X-ray  photoelectron  spectrometer 
enabling  the  immediate  effects  of  the  plasma  to  be  studied  before  the  treated  surface  was 
exposed  to  air. 


INTRODUCTION 

The  properties  of  composite  materials  are  not  only  governed  by  the  properties  of 
the  individual  components  but  also  by  the  interface  between  them.  Successful 
reinforcement  of  composite  materials  is  only  achieved  by  obtaining  sufficient  stress 
transfer  between  fibre  and  matrix.  This  can  be  realised  by  physical  and/or  chemical 
adhesion  between  the  two.  However,  for  recent  applications  an  extremely  strong  interface 
is  not  always  desirable.  It  would  be  ideal  to  be  able  to  design  the  interfacial  properties  to 
suit  a  particular  application  for  example  increase  stiffness  or  promote  toughness  at  the 
interface.  One  method  of  achieving  this  would  be  to  chemically  graft  a  monomer  with  a 
suitable  backbone  onto  the  fibre  surface.  It  would  also  be  necessary  for  this  monomer  to 
be  fully  compatible  with  the  resin.  An  ideal  example  would  be  another  epoxy  with  the 
desired  backbone.  Some  of  the  most  common  curing  agents  for  epoxy  resins  are  amines. 
These  allow  curing  of  the  resin  at  room  temperature.  It  would  therefore  seem  beneficial  to 
introduce  amines  onto  the  fibre  surface  which  would  certainly  have  the  potential  to  react 
with  the  epoxy  coating  at  room  temperature.  The  effect  of  ammonia  plasmas  on  fibre 
reinforcement  has  been  examined  by  several  research  groups[l-5],  however,  a  thorough 
understanding  of  the  chemical  changes  induced  on  fibre  surfaces  and  whether  or  not  they 
play  a  a  role  in  fibre  resin  adhesion  is  yet  to  be  determined. 

A  method  of  selectively  introducing  amines  onto  the  surface  would  be  a  great 
advantage.  Introducing  the  desired  fibre  surface  chemistry  without  destroying  the 
mechanical  properties  of  the  fibre  itself  would  also  prove  very  useful.  Most  of  the  plasma 
treatments  used  to  date  however,  remove  a  substantial  amount  of  material  causing  pits  to 
form  in  the  fibre  surface  [e.g.2,3].  This  has  led  the  authors  to  develop  a  low  power  plasma 
(<1W)  treatment  which  only  alters  the  chemistry  of  the  immediate  surface  layers  without 
causing  severe  etching  of  the  fibre[6].  In  this  paper  we  report  the  selective  introduction  of 
C/N  functionality  onto  three  types  of  carbon  fibre. 

EXPERIMENTAL 

The  fibres  used  in  this  study  included  untreated  and  unsized  T300  fibres  (supplied 
by  Amoco  Performance  Products)  and  HMU  fibres  (supplied  by  Hercules).  Sized  but 
untreated  pitch  based  fibres  from  Amoco,  thoroughly  washed  to  remove  any  sizing,  were 
also  examined. 

Plasma  treatments  were  carried  out  in  an  in  situ  plasma  chamber  attached  to  a 
PHI  5400  X-ray  photoelectron  spectrometer.  A  half  wavelength  helical  resonator  was 
formed  from  a  100-  turn  coil  wound  directly  on  the  outside  of  the  tube  and  centred  within  a 
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shield  made  from  3"  diameter  brass  tubing.  A  simple  self-excited  two  transistor  oscillator 
delivered  radio  energy  to  the  centre  of  the  helix  at  resonant  frequency  (approx.  15MHz). 
Low  power  levels  (<1W)  were  sufficient  to  sustain  a  plasma  within  the  tube.  Continuous 
gas  flow  was  maintained  from  a  leak  valve  at  one  end  of  the  tube  to  a  butterfly  valve  at 
the  other,  which  opened  to  a  turbo  molecular  pump.  The  pressure  within  the  cell  was  kept 
constant  at  O.lTorr  during  plasma  treatment.  A  more  detailed  description  of  the  cell  is 
given  elsewhere[6].  This  enabled  the  immediate  effect  of  the  plasma  on  the  fibre  surfaces 
to  be  studied  before  being  exposed  to  air.  The  fibre  samples  were  electrically  isolated 
from  the  supponing  rod,  using  a  piece  of  mica  sheet,  allowing  a  controlled  bias,  with 
respect  to  the  grounded  supporting  rod,  to  be  applied  to  the  fibres  independent  of  the  RF 
power  exciting  the  plasma.  Fibre  surfaces  were  examined  using  X-ray  photoelectron 
spectroscopy  before  and  after  treatment.  The  spectra  were  collected  at  grazing  angles  to 
enhance  the  signal  from  the  immediate  surface  layers  of  the  fibre[7].  The  binding  energies 
reported  in  this  paper  have  been  reference  to  the  main  graphitic  peak  in  the  carbon  Is 
spectrum  which  is  given  as  284.3eV  and  all  intensity  ratios  have  incorporated  the  relative 
sensitivities  calculated  for  a  hemispherical  analyser  (Cls  0.296,  Nls  0.477,  and  Ols 
0.711)  [8],  The  nitrogen  Is  spectra  were  curve  fitted  using  a  Gaussian/  Lorentzian  peaks 
shape  in  a  non  linear  least  squares  curve  fitting  program  [8], 

Scanning  electron  micrographs  were  obtained  with  a  Hitachi  S800  microscope. 
With  its  field  emission  gun  magnifications  of  100-300  thousand  could  be  achieved. 


RESULTS  AND  DISCUSSION 

Fig.  I  shows  the  spectra  obtained  from  fibres  exposed  to  an  ammonia  plasma  for  60 
seconds.  This  is  the  first  time  that  C/N  functional  groups  have  been  observed  with  out  the 
presences  of  oxygen  containing  groups.  Widescan  spectra  (Fig. la)  taken  at  both  bulk  and 
surface  sensitive  angle  indicate  that  the  nitrogen  containing  functionality  introduced  is 
predominantly  within  the  first  12-15A  of  the  fibre  surface.  The  N:C  ratio  did  not  change 
with  exposure  time  to  the  plasma  and  the  difference  between  that  obtained  from  surface 
and  bulk  sensitive  data  remained.  This  indicates  that  the  reaction  remains  on  the  surface 
of  the  fibre  and  does  not  proceed  deeper  within  the  graphite  layers  as  electrochemical 
reactions  [7).  Significant  etching  of  the  fibre  surface  was  not  observed  in  the  SEM 
micrographs  suggesting  that  saturation  of  surface  sites  has  taken  place. 

The  nitrogen  Is  spectrum  reveals  that  the  plasma  introduces  three  type  of  nitrogen 
containing  species  onto  the  fibre  surface.  Signals  at  binding  energies  398.9eV,  400.4eV 
and  402.8eV  were  observed.  The  two  main  signals  are  very  similar  to  those  produced  on 
electrochemically  treating  the  fibres  in  ammonium  salt  electrolyte  [9].  However,  in  this 
case  peak  assignment  to  amide  functionality  is  invalid  since  an  oxygen  Is  signal  was  not 
detected.  The  binding  energy  of  PI1NH2  has  previously  been  reported  as  399.  leV  [!0J. 
The  relaxation  energy  associated  with  the  ejection  of  a  photoelectron  is  far  greater  for  a 
graphitic  like  lattice  than  that  obtained  from  a  benzene  ring  [11,12]  and  hence  a  shift  of 
-0.2eV  from  that  observed  with  PhNH2  is  not  unlikely  for  amines  groups  on  carbon  fibre 
surfaces.  -C=NH  groups  could  also  give  rise  to  a  signal  around  398. 8eV.  The  signal  at 
400.4eV  arises  from  aliphatic  amine  functionality.  The  peak  at  highest  binding  energy  is 
most  probably  due  to  a  positively  charged  ammonium  species  similar  to  that  observed  by 
Chang  and  Navalov  f  13].  Cyano  (-C^N)  were  not  detected.  These  groups  are  unlikely  to 
remain  on  the  fibre  surface  as  they  would  be  prone  to  electron  assisted  desorption. 

All  the  chemically  shifted  shifted  signal  intensity  seen  in  the  surface  sensitive 
carbon  Is  spectrum  (Fig. lc)  is  due  to  C/N  functionality.  The  chemical  shift  for  -C-NHjis 
expected  to  be  around  1.3-1.5eV  from  the  main  peak.  -C=NH  would  lead  to  a  chemically 
shifted  signal  between  2.2  and  2.5eV  from  the  main  peak.  There  is  certainly  a  large 
amount  of  signal  intensity  in  both  these  region  confirming  the  nitrogen  Is  data.The  signal 
intensity  around  6eV  from  the  main  peak  is  due  in  part  to  a  shakeup  satellite. 

Nitrogen  plasma  treatments  yielded  very  similar  results  to  those  obtained  from 
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Figure  1.  XPS  Spectra  From  T300  Carbon  Fibres  Treated  With  An  Ammonia  Plasma  For  5 
Minutes  a)  Widescan,  b)  Carbon  Is,  and  c)  Nitrogen  Is  (curve  fitted) 


fibres  exposed  to  an  ammonia  plasma.  However,  the  nitrogen  plasmas  were  unable  to 
remove  all  the  C/O  from  the  fibre  surface  and  the  amount  of  nitrogen  containing  groups 
was  slightly  less  than  those  obtained  from  ammonia  plasma  treatment.  The  nitrogen  Is 
spectrum  obtained  from  these  fibres  consisted  of  three  signal  at  identical  binding  energies 
as  those  described  above  but  with  a  different  relative  ratio.  The  relative  intensity  of  the 
signal  at  398.9eV  was  less  for  fibres  treated  in  a  nitrogen  plasma.  The  hydrogen 
contained  within  these  functional  groups  is  thought  to  arise  from  the  external  surface  of 
the  fibres  in  the  form  of  C-H. 
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Figure  2.  Widescan  XPS  Spectra  of  Three  Different  Types  of  Carbon  Fibres  Treated  With  An 
Ammonia  Plasma 


Fig.2  shows  widescan  spectra  (taken  at  a  take  off  angle  of  15°-surface  sensitive  angle) 
from  three  different  types  of  fibres  after  exposure  to  an  ammonia  plasma  for  5  minutes. 
Each  fibre  has  behaved  differently  to  the  plasma,  the  lower  modulus  PAN  based  fibre 
being  the  most  reactive.  The  main  structural  elements  of  carbon  fibre  surfaces  are 
graphitic  plates  or  crystallites  which  are  roughly  aligned  along  the  fibre  axis.  Their  size 
and  degree  of  alignment  increase  with  increasing  graphitization  temperature  during 
processing.  The  PI 00  fibres  have  a  very  similar  structure  to  that  of  highly  orientated 
pyrolytic  graphite  yet  the  crystallites  on  the  PAN-based  T300  surfaces  (the  fibres  being 
graphitized  at  a  much  lower  temperature)  are  much  smaller  and  less  aligned  and  hence 
the  number  of  edge  sites  an  defects  is  far  greater  in  the  latter  case.  (The  HM  fibres  have 
a  surface  structure  in  between  the  two.)The  lack  of  reactivity  shown  by  the  pitch  based 
fibres  compared  to  the  T300  fibres  tends  to  indicate  that  chemical  change  has  only 
occurred  on  the  edge  sites  (and  defects)  and  not  on  the  basal  planes.  As  the  percentage 
of  edge  sites  increases,  so  does  the  amount  of  "nitrogen"  incorporated  onto  the  fibre 
surface  during  treatment. 

This  lack  of  reactivity  of  the  higher  modulus  fibres  is  undesirable  since  the  aim  of 
the  treatment  was  to  introduce  amine  groups  in  sufficient  concentration  to  promote 
chemical  bonding  between  the  fibre  and  tesin.  The  method  suggested  by  Stoller  and  Allred 
1 1 )  was  to  pretreat  the  fibres  in  an  argon  plasma  for  approximately  10  seconds  prior  to 
ammonia  plasma  exposure.  This  resulted  in  a  30%  increase  in  the  amount  of  amine 
functionality  incorporated  onto  polyaramid  fibres.  In  our  case,  the  number  of  nitrogen 
containing  groups  did  increase  on  the  higher  modulus  fibres  with  Ar  pretreatments  but 
only  by  a  very  small  amount.  This  is  due  to  the  lack  of  sputtering  taking  place  in  these 
low  power  plasmas.  Pretreatments  in  an  air  plasma  were  also  performed  in  a  hope  that 
the  oxygen  functionality  on  the  surface  would  be  substituted  by  nitrogen  containing 
groups.  In  these  cases,  most  of  the  C/O  groups  were  removed  and  only  a  very  small 
number  of  nitrogen  containing  species  incorporated. 

A  more  successful  method  of  increasing  the  number  of  amine  groups  introduced 
was  to  accelerate  ions  from  the  plasma  to  increase  their  impact  energy  on  the  fibre 
surfaces.  This  was  done  by  biasing  the  fibre  samples  to  a  negative  potential  with  respect 
to  a  ground  electrode  within  the  plasma.  Fig.3  shows  the  widescan  spectra  of  HMU 
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Figure  3.  Widescan  XPS  Spectra  Of  HMU  Fibres  Treated  In  An  Ammonia  Plasma  a)With 
And  b)  Without  Bias  During  Treatment. 


fibres  that  have  been  exposed  to  an  ammonia  plasma  with  and  without  sample  biasing. 
The  N:C  ratio  has  increased  from  0.07  to  0.18  on  applying  the  sample  bias  and  is 
approaching  that  of  lower  modulus  fibre  (0.22).  A  increase  in  chemically  shifted  species  is 
also  observed  in  the  carbon  Is  spectrum  of  these  treated  fibres.  The  nitrogen  Is  spectra  of 
these  treated  fibres  is  very  similar  to  the  lower  modulus  fibres  in  that  three  species  are 
detected  at  398.9eV,  400.3eV  and  402.8eV.  Their  relative  intensity  ratios  are  very  similar 
to  the  unbiased  lower  modulus  fibres  for  both  nitrogen  and  ammonia  plasma  exposures.  A 
similar  result  was  obtained  for  nitrogen  plasma  treatments.  Examination  of  SEM 
micrographs  from  these  treated  samples  reveals  that  little  damage  has  been  done  to  the 
fibre  surface.  Although  there  was  an  increase  in  the  amount  of  nitrogen  functionality 
incorporated  onto  pitch  fibres  by  biasing  the  fibres  during  treatment  (N:C  0.01  to  0.05), 
the  overall  number  of  nitrogen  containing  species  remained  very  small  compared  to  the 
PAN  based  fibre  and  will  be  expected  to  have  little  effect  on  the  interfacial  shear  strength 
of  the  composites. 


Binding  Energy  (eV) 


Figure  4.  Widescan  XPS  Spectra  Of  T300  Carbon  Fibres  Treated  In  An  Ammonia  Plasma 
a)Before,  And  b)  After  Exposure  To  Air. 


412 


Exposure  To  Air 

Fig.4  shows  the  widescan  spectra  of  fibres  treated  with  an  ammonia  plasma  before 
and  after  exposure  to  air.  There  is  a  significant  pickup  of  oxygen  upon  air  exposure. 
However,  no  change  in  the  carbon  Is  or  nitrogen  Is  spectra  is  detected  e.g.  evidence  of 
-COH  or  -NO  signal  intensity,  suggesting  that  oxidation  has  not  taken  place.  It  was 
concluded  that  this  oxygen  pickup  was  due  to  a  strongly  bound  physisorbed  layer.  The 
oxygen  Is  spectrum  consisted  of  a  single  species  with  binding  energy  532.4eV  which  is 
characteristic  of  a  strongly  bound  -OH  species  and  in  this  case  most  probably  arises  from 
moisture  in  the  air.  The  amount  of  'oxygen'  pickup  was  directly  related  to  the  number  of 
C/N  functional  groups  introduced  onto  the  fibre  during  surface  treatment.  This  physisorbed 
layer  would  certainly  inhibit  the  desired  fibre/epoxy  chemical  bonding  in  composites.  Both 
Loh  [4]  and  Evans  [14]  tried  to  compare  the  effects  of  ammonia  plasma  on  structurally 
different  carbon  surfaces.  Unfortunately,  in  both  cases  their  samples  were  exposed  to  air 
before  chemical  analysis  was  carried  out. 

4. CONCLUSIONS 

Both  ammonia  and  nitrogen  plasma  were  successful  in  introducing  amine 
functionality  onto  carbon  fibre  surfaces.  The  reactivity  of  a  fibre  to  a  plasma  was  shown  to 
depend  largely  on  the  structure  of  its  surface.  Reactivity  increased  along  the  series 
P100-HM-T300.  The  number  of  nitrogen  containing  groups  was  dramatically  increased  by 
biasing  the  HM  fibres  to  a  negative  voltage  (10- 30V).  This  increase  occurred  for  both 
ammonia  and  nitrogen  plasmas.  Exposure  of  the  treated  fibres  to  air  resulted  in  a  strongly 
physisorbed  layer  onto  the  fibre  surface  most  probably  arising  from  moisture  in  the 
environment.  This  may  inhibit  any  desired  reaction  between  fibre  and  resin  during 
composite  processing.  It  is  therefore  suggested  that  treated  fibres  be  immersed  into  resin 
or  a  suitable  coating  material  prior  to  exposure  to  air. 
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ABSTRACT 

A  method  for  determining  particle  diameters  up  to  ca  500  run  Is  described. 
X-ray  data  are  obtained  with  an  ultra-high  resolution  Bonse-Hart 
diffractometer  and  subsequently  desmeared.  The  resultant  data,  viewed  as  the 
Invariant  argument  h^I(h),  are  interpreted  as  arising  from  a  log-normal 
distribution  of  Independent  spherical  particles.  The  distribution  is 
characterized  by  its  median  value  and  breadth. 


INTRODUCTION 

Small-angle  x-ray  scattering  has  long  been  used  to  obtain  estimates  of 
particle  sizes.  Very  little  has  been  published  recently  in  terms  of  the 
methodology,  but  utilization  of,  and  references  to  the  technique  are  very 
common.  Gulnler  and  Foumet  [1]  and  Hosemann  and  Bagchi  [2]  provide 
comprehensl-  discussions  of  the  technique  as  commonly  cited  today.  The 
methods  were  developed  before  the  easy  availability  of  computers  and  rely  on 
the  interpretation  of  plots  of  the  data,  typically  with  tangent 
extrapolations.  With  "conventional*  small-angle  diffractometers,  the 
practical  upper  limit  of  partlcle-slze  determination  Is  of  the  order  of  100 
nanometers,  but  the  Bonse-Hart  diffractometer  [3,4]  extends  this  range  to 
almost  a  micrometer. 

The  Impetus  for  this  work  was  the  need  to  develop  a  procedure  for 
measuring  particle  sizes  In  "rubber- toughened"  polymers,  where  a  dispersed 
elastomeric  phase  Is  employed  to  enhance  the  impact  resistance  of  a  host 
polymer.  The  particle  sizes  are  typically  a  few  tenths  of  a  micrometer 
(requiring  the  Bonse-Hart  Instrument)  and  the  method  Is  totally  dependent  upon 
the  availability  of  a  computer  to  synthesize  the  modeled  curves.  Although  the 
method  was  developed  for  polymer  blends,  It  Is  not  restricted  to  them  and  can 
be  employed  for  any  tvo-phase  system  where  the  dispersed  phase  Is  present  as 
approximately  spherical  "particles".  The  only  requirement  Is  that  a 
reasonable  electron-density  difference  exists  between  the  two  phases.  As  well 
as  polymer  blends  (solld-in-solld) ,  we  have  characterized  discrete  particles, 
voids,  emulsions  and  dispersions  (solld-ln-gas,  gas-ln-solld,  llquid-ln-llquid 
and  solid- In- liquid) .  The  sizes  which  can  be  accommodated  range  from  about  10 
to  500  or  more  nanometers,  depending  upon  the  breadth  of  the  distribution. 


DISCUSSION 

When  observed  at  sufficiently  high  resolution,  as  Is  possible  with  a 
Bonse-Hart  small-angle  x-ray  diffractometer,  the  scattering  from  dispersed 
particles  smaller  than  about  one  micrometer  in  diameter  conveys  obvious 
Information  about  the  size  and  distribution  of  size  of  such  particles.  Figure 
1  shows  the  small-angle  scattering  from  four  polymer  blends  of  nearly 
equivalent  composition  (an  elastomer  dispersed  In  a  semi-crystalline  polymer) 
but  different  processing  history.  The  data  are  displayed  as  the  small-angle 
invariant,  which  Is  obtained  by  multiplying  the  desmeared  small-angle 
Intensity  by  the  square  of  the  scattering  angle  (which  Is  proportional  to  h) . 
It  is  apparent  that  the  scattering  from  all  four  samples  differs 
significantly,  and  It  would  be  useful  to  quantify  the  differences  among  the 
samples  with  regards  to  soma  average  size  and  size  distribution. 
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The  scattering  observed  froa  independently  scattering  spheres  of  radius 
"r"  is  given  by  the  equation  1,  the  Rayleigh  equation  (5],  where  u  -  hr: 

1(h)  -  pJ(u)  -  -  co.  u )2  (1) 

The  limit  as  "u"  becomes  large  (since  sln(u)/u  approaches  zero  and  cos^u 
approaches  1/2)  is  given  by  equation  2  [6): 

1(h)  -  /(u)  —  ®  (2) 

which  shows  an  Inverse  4th  power  relationship  with  angle  at  higher  angles.  The 
validity  of  this  relationship  is  demonstrated  by  Figure  2,  which  shows  the 
scattering  observed  from  polystyrene  particle-size  standards.  The  ordinate  is 
the  third  power  of  "h”  times  the  observed  (smeared)  intensity,  since  slit 
smearing  changes  an  inverse  4th  power  relationship  to  an  inverse  3rd  power.  As 
"u"  approaches  zero,  the  Rayleigh  equation  can  be  approximated  by  a  Gaussian 
relationship,  as  in  equation  3: 

1(h)  -  ?2(u)  o  eip^-  (3) 

which  is  the  well  known  Gulnler  approximation  [7], 


Figure  2  -  Observed  Data  from  PS  Standards 
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Since  the  ripples  in  the  scattering,  which  are  implicit  in  the  Rayleigh 
equation,  are  obliterated  when  there  exists  any  significant  particle-size 
distribution,  the  scattering  from  spheres  of  a  given  size  can  be  modeled  by  a 
curve  which  is  Gaussian  at  low  angles  and  inverse  4th  power  at  high  angles. 
Since  the  Gaussian  and  inverse  4th  power  curves  cross  twice,  a  smooth 
interpolation  can  be  used  to  Join  them.  Figure  3  shows  the  Gaussian,  inverse 
4th  power  and  interpolated  curves  displayed  as  the  invariant  argument,  where 
they  are  most  easily  and  usefully  visualized.  Since  the  modeled  intensity  is 
multiplied  by  a  number  proportional  to  the  square  of  the  angle,  the  Gaussian 
curve  starts  at  zero  and  Che  inverse  4th  power  curve  becomes  an  inverse 
square . 


In  Figure  4,  this  interpolated  approximation  is  plotted  with  curves 
derived  from  the  Rayleigh  equation  (1)  and  showing  the  scattering  expected 
from  a  monodlsperse  population  and  from  a  narrow  particle-size  distribution. 
Beyond  the  first  maximum,  the  approximation  effectively  bisects  the  ripples 
arising  from  the  cos*  term  of  equation  2  for  both  curves  derived  from  the 
Rayleigh  equation. 
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In  order  to  predict  the  scattering  from  a  finite  distribution,  the 
logarithm  of  the  diameter  of  the  particles  is  assumed  to  be  normally 
distributed  and  this  is  approximated  by  summing  the  contributions  of  23 
fractions,  equally  spaced  with  regard  to  the  logarithm  of  the  relative  size, 
between  plus  and  minus  3-sigma.  The  logarithm  at  1-sigma  differs  from  that  at 
the  center  of  the  distribution  by  an  amount  corresponding  to  the  ratio  of 
sizes  which  characterizes  the  breadth  of  the  distribution.  This  "Distribution 
Ratio"  and  the  size  (diameter)  at  the  center  of  the  distribution  serve  to 
characterize  the  log-normal  distribution  fully.  Since  the  area  of  the 
invariant  curve  is  proportional  to  the  amount  of  that  fraction  present 
regardless  of  the  particle-size  (hence  the  name  "invariant"),  the 
contributions  can  be  summed  directly.  The  center  of  the  distribution  is  a 
median  value,  with  half  the  mass  of  the  dispersed  phase  consisting  of  larger 
particles  and  half  the  mass  consisting  of  smaller  particles.  Figure  5  shows 
the  expected  scattering  from  distributions  with  a  characteristic  diameter  of 
250  nrn  and  distribution  ratios  varying  from  one  (monodisperse)  to  three.  The 
contributions  from  the  larger  particles  causes  the  invariant  maximum  to  shift 
to  lower  angles  while  the  contributions  from  the  smaller  particles  raises  the 
level  at  higher  angles. 


Figure  5  -  Invariant  Curves  with  Same  Median 


Figure  6  Is  similar  to  figure  5  except  that  each  curve  has  its  maximum 
where  it  occurs  for  a  250  nm  monodisperse  population.  The  method  for 
determining  median  particle-size  and  distribution-breadth  is  implicit  in  this 
figure:  The  position  of  the  maximum  is  inversely  proportional  to  the  diameter 
of  a  monodisperse  particle  size;  the  breadth  of  the  peak  (taken  as  the  ratio 
of  the  position  of  the  high-angle  half-maximum  to  that  of  the  maximum)  enables 
the  empirical  calculation  of  the  median  diameter  and  distribution  ratio.  As 
the  method  has  evolved  in  our  laboratory,  the  characterization  of  a  blend  is 
accomplished  by  displaying  the  invariant  curve  on  a  graphics  terminal  and 
locating  the  position  of  the  maximum  with  the  graphics  cursor.  The  computer  is 
programmed  to  locate  the  position  of  the  high-angle  half-maximum,  calculate 
the  median  diameter  and  distribution  ratio,  and  then  calculate  and  overlay  the 
expected  invariant  curve  for  this  distribution.  At  times,  a  slight  movement 
of  the  estimated  position  of  the  maximum  provides  a  more  satisfactory  visual 
match  between  the  observed  and  calculated  invariant  curves,  but  the  estimated 
median  diameters  and  distribution  ratios  seldom  change  significantly. 


I 


417 


Figure  6  —  Invariant  Curves  with  Same  Maximum 

Figure  7  shows  the  match  between  observed  and  calculated  invariant  curves 
for  two  of  the  samples  of  Figure  1.  The  positions  of  the  maxima  are  nearly 
the  same,  but  the  shapes  (or  widths  at  half -maximum)  are  obviously  different. 
This  difference  in  shape  leads  to  significant  differences  in  the  estimated 

median  diameter  and  distribution  ratio  as  noted  in  the  figure.  Figure  8  shows 

a  histogram  of  particle  sizes  that  is  generally  furnished  with  the  results 
from  a  sample.  Although  there  is  no  real  additional  information  beyond  the 
mean  diameter  and  distribution  ratio,  a  visual  presentation  of  the  skewed 
distribution  and  enumeration  of  the  mode  and  mean  values  has  proved  useful. 
The  individual  bars  represent  the  mass  of  particles  in  a  given  25  nm  range. 
The  mode  is  contained  in  the  tallest  bar  and  is  always  less  than  the  median 
and  the  mean  is  located  ac  the  horizontal  center  of  gravity  of  the  figure  and 
is  always  greater  than  the  median.  The  median  is  near  the  line  between  the 
bars  with  the  fine  shading  and  those  that  are  cross-hatched.  Comparison  of 
results  such  as  these  with  those  from  electron  microscopy  are  in  generally 
good  agreement,  usually  within  a  factor  of  two.  Considering  the  assumptions 
and  averaging  implicit  in  both  techniques,  this  is  satisfactory.  Typically 
the  electron  diffraction  results  are  smaller,  indicating  a  favoring  of  the 

more  common  particles --nearer  the  mode.  One  should  bear  in  mind  that  an 

electron  microscopy  result  is  usually  based  on  observation  of  a  few  hundred 
particles  and  is  commonly  an  "eyeball"  estimate;  for  a  typical  irradiatfg 
volume  of  about  10  mm  ,  the  x-ray  technique  averages  over  about  10 
particles. 


1 

* 

t 
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Figure  7 


Fitted  Invariants  for  Blends 
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Figure  8  -  Histogram  of  Particle  Sizes 


CONCLUSIONS 

The  method  described  here  provides  a  useful  characterization  of  polymer 
blends  when  the  dispersed  phase  consists  of  particles  which  are  nearly 
spherical.  The  assumption  of  a  log-normal  particle-size  distribtion  has  not 
proved  to  be  particularly  restrictive.  A  surprisingly  good  fit  between 
observed  and  calculated  curves  is  obtained  in  a  great  majority  of  cases,  and 
the  kind  of  information  generally  desired  is  usually  that  of  trends  among 
Generally  similar  samples.  The  x-ray  data  themselves  commonly  are  sufficient 
to  answer  the  question:  "Are  the  observed  differences  in  properties  due  to  a 
difference  in  particle  size  (and/or  distribution)?”.  In  essence,  two  Items  of 
input  the  position  of  the  invariant  maximum  and  the  high-angle  half-height, 
are  used  to  determine  two  items  of  output,  the  median  particle-size  and  the 
distribution  ratio.  Granted  that  a  great  variety  of  particle  size 
distributions  could  lead  to  indistinguishable  scattering  curves  allowing  for 
models  other  than  the  log-normal  would  offer  so  many  degrees  of  freedom  as  to 
make  results  much  less  useful  in  general. 
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INTRODUCTION 


Several  research  projects  in  our  laboratory  have  used  an  LCP  based  on  4,4'-dihydroxy,a-a' 
dimethylbenzalazine,  that  was  first  synthesized  by  Roviello  and  Sirigu  1 .2.  Copolymers  with  the 
following  general  structure, 


have  been  used  in  self-reinforcing  polymer  blends3  and  are  currently  being  used  in  small  angle  neutron 
scattering  studies  of  the  molecular  conformation  of  an  LCP  in  a  nematic  field.  In  this  latter  study,  it  is 
imperative  that  the  polymer  be  well  characterized,  especially  with  respect  to  molar  mass  and  thermal 
stability.  This  paper  describes  the  effect  of  molar  mass  and  thermal  history  on  the  thermal  stability 
and  transitions  of  this  particular  LCP. 


EXPERIMENTAL 


Materials 

Hydrazine  monohyrate  (Eastman  Kodak),  4-hydroxyacetophenone  (Aldrich),  pyridine 
(Anhydrous,  Aldrich),  triethylamine  (Gold  Label,  Aldrich)  and  chloroform  (HPLC,  Aldrich)  were  used  as 
supplied.  N-methylpyrrolidone  (NMP)  (Aldrich)  was  dried  by  refluxing  over  calcium  hydride,  distilled  and 
was  stored  over  molecular  sieves  Type  3A.  Sebacoyl  chloride  and  dodecanedioyl  dichloride  (Aldrich) 
were  purified  by  vacuum  distillation  and  stored  under  nitrogen  prior  to  use.  All  other  solvents  used  were 
reagent  grade  and  were  employed  without  further  purification. 

Polymer  SyatheaLa; 

4, 4'-dihydroxy-a, a' -dimethylbenzalazine  was  prepared  according  to  the  reported  procedure,  M. 
pt.  225-226  °CT 

Solution  polymerization  was  carried  out  in  a  three-neck  round  bottom  flask  (500  mL)  equipped 
with  an  addition  funnel,  a  reflux  condenser  and  a  mechanical  stirring  assembly  under  nitrogen 
atmosphere,  according  to  the  following  general  procedure.  The  diol  (20-35  mmol]  was  dissolved  in  a 
solution  of  chloroform  (70  mL)  containing  an  excess  of  the  acid  acceptor  (pyridine  or  triethylamine;  5-25 
mL)  and,  in  some  cases,  a  small  amount  of  NMP  (5-10  mL).  The  latter  helped  to  facilitate  dissolution  of 
the  otherwise  insoluble  azine  in  chloroform.  An  equivalent  or  a  slight  excess  (1  mole%)  of  a  50/50  molar 
mixture  of  the  acid  chlorides  (sebacoyl/dodecanedioyl;  20-35  mmol)  in  chloroform  (30  mL)  was  added  to 
the  solution  over  a  period  of  10  min-1.5  h.  with  vigorous  stirring.  The  temperature  was  maintained 
between  0-60  °C.  Following  completion  of  the  addition,  the  solution  was  stirred  vigorously  for  a  further 
4h. 
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After  completion  of  the  reaction,  the  mixture  was  diluted  with  chloroform  (ca.  50  ml)  to  reduce 
its  viscosity.  The  products  were  then  recovered  by  precipitation  into  methanol  (500-1000  mL).  They 
were  broken  up  and  washed  in  a  high  speed  blender,  filtered,  further  washed  with  aliquots  of  methanol, 
methanol/water,  and  water  and  were  finally  dried  in  vacuo  at  60-70  °C  for  at  least  24  h.  In  all  cases, 
the  yields  were  near  quantitative 

Polvimsr  Characterization 

A  number  of  analytical  techniques  were  used  to  characterize  these  liquid  crystalline  polymers 
(LCP),  including  differential  scanning  calorimetry  (DSC),  thermal  gravimetric  analysis  (TGA), and  gel 
permeation  chromatography  (GPC). 

DSC:  A  Perkin  Elmer  DSC-7  was  used  to  measure  the  enthalpy  changes  and  specific  heat  changes 
associated  with  the  thermal  transitions.  The  samples  were  heated  at  20  °C  and  cooled  at  10  °C  in  all 
experiments.  The  cell  was  continuously  flushed  with  dry  nitrogen. 

TGA:  A  Perkin  Elmer  TGA-7  was  used  to  study  the  thermal  stability  of  the  LCP.in  a  dry  nitrogen. 
Both  dynamic  and  isothermal  experiments  were  made.  Following  the  TGA  experiments,  GPC 
measurements  were  made  on  the  same  samples  in  order  to  assess  the  effect  of  thermal  history  on  the 
molar  mass  of  the  polymer. 

RESULTS  AND  DISCUSSION 

Characterization  of  thermal  transitions.  The  DSC  thermograms  of  the  LCP  are  shown  in  the  Fig.  1 . 
The  polymer  had  a  glass  transition  temperature  (Tg)  of  24  °C,  and  a  nematic  to  isotropic  transition 
(Tn-|)  at  245  °C.  The  polymer  showed  (wo  peaks,  T,  i  T2,  in  the  temperature  range  oi  140-160°C 
and  exhibits  a  nematic  mesophase  above  160°C  and  up  to  TN.|  The  neutron  scattering  studies  (Fig.  2) 
indicate  the  possibility  of  an  additional  mesophase  just  before  the  solid  to  nematic  transition,  which 
would  give  a  peak  in  the  DSC  thermograms.  As  seen  in  Fig.  1  the  cooling  curve  does  not  show  two 
crystallization  peaks.  A  detailed  investigation  of  this  Somewhat  surprising  behaviour  is  currently 
underway  in  our  laboratory. 

The  effect  of  the  weight  average  molar  mass  on  the  thermal  transitions  is  shown  in  Fig.  3. 
Below  a  molar  mass  about  50000  (polystyrene  equivalent),  T, ,  T2  and  TN.|,  increases  with  increasing 
molar  mass  and  the  transition  temperatures  plateau  at  higher  M^’s.  There  is  relatively  small  change  in 
Tg  with  changes  in  molar  mass. 

The  effect  of  thermal  history  on  the  transitions  is  shown  in  Fig.  4.  Prior  to  each  run  the  sample 
was  annealed  at  elevated  temperature.  The  sample  was  then  cooled  back  to  its  starting  temperature 
and  the  subsequent  heating  scans  are  shown  in  Fig.  4.  Annealing  at  elevated  temperature  raised  Tg. 
This  was  a  consequence  of  the  reduced  crystallinity  of  the  polymer.  There  was  no  significant  influence 
of  annealing  time  on  T,  and  T2  when  the  sample  was  annealed  at  220°C.  The  peaks  moved  to  lower 
temperatures  as  the  sample  was  annealed  for  longer  period  at  temperatures  close  to  its  and  above  the 
Tn.|.  The  transitions  were  broadened  as  the  annealing  time  was  increased.  Thus,  the  order  of  the  melt 
and  the  kinetics  of  ordering  are  affected  by  annealing,  and  this  did  not  appear  to  be  due  to  polymer 
degradation  as  indicated  by  only  minor  changes  in  molar  mass  as  discussed  below.  This  was  also 
evident  in  the  neutron  scattering  contour  plots  (Fig.3),  during  which  sample  was  annealed  for  long 
periods  of  time  at  elevated  temperatures. 

Characterization  of  Thermal  Stability-.  The  LCP  was  stable  up  to  350  °C  as  shown  by  the  TGA 
thermogram  in  Fig.  5  As  with  the  DSC  experiments,  the  LCP  was  exposed  to  various  annealing 
temperatures  for  varying  lengths  of  time.  The  details  of  these  experiments  are  summarized  in  Table  I. 
In  most  cases  the  mass  loss  was  <  1%.  After  TGA  analyses,  the  same  samples  were  dissolved  in 
chloroform  for  GPC  analyses.  These  results  are  also  given  in  Table  I.  Annealing  at  220  °C  actually 
appeared  to  increase  the  molar  mass,  which  suggests  that  some  additional  polymerization  or 


1.  A  typical  DSC  thermogram  of  the  LCP  under  investigation. 


FIG;  2 


2.  Neutron  scattered  intensity  in  the  plane  perpendicular  to  the  incident  beam  at  (a)  250°C,  (b)  220»C, 
(c)  20O°C,  (d)  170°C,  (e)  160°C  and  (f)  150°C.  Magnetic  field  direction  is  on  the  horizontal  axis. 
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equilibration  of  the  molar  mass  took  place.  At  240  °C,  which  is  in  the  broad  clearing  transition,  and  at 
260  °C,  which  is  in  the  isotropic  region,  the  molar  mass  decreased  with  increasing  annealling  time.  The 
molar  masses  reached  with  annealing  for  one  hour  at  each  temperature  were  similar  and  corresponded 
to  about  a  10%  reduction  in  molar  mass  from  the  starting  polymer  (i.e.,  no  high  temperature  annealing). 
In  any  event,  the  molar  mass  of  the  LCP  after  all  the  annealing  histories  given  in  Table  I  were  above 
50,000,  and  therefore,  the  changes  in  molar  mass  were  most  likely  not  responsible  for  the  changes  in 
crystallization  and  mesophase  formation  described  earlier. 


FIG.  3 


3.  Effect  of  the  molecular  weight  on  the  thermal  transitions. 


FIG. 5 
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5.  TGA  curve  of  the  polymer. 


TABLE  I 


ANNEALNQ  TIME  (Mtn)  Mw  Mw/Mn 

TEMP  ( Cl _ 


220 

10 

57600 

3.2 

220 

30 

77000 

3.55 

220 

60 

76700 

3.69 

240 

10 

75000 

3.46 

240 

30 

66000 

3.36 

240 

60 

57050 

3.08 

260 

10 

69500 

3.57 

260 

30 

64700 

3.97 

260 

60 

60400 

3.79 

. 

_ um _ 

_ Ul 

1 .  Effect  of  annealing  tempratL'v/time  on  molecular  weight  of  the  polymer. 
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\  CONCLUSION 

The  liquid  crystalline  polymer  discussed  in  this  report  is  relatively  stable  at  high  temperatures, 
t  and  a  small  reduction  in  its  weight  and  molecular  mass  was  only  observed  after  prolonged  exposure  to 

such  temperatures.  Neutron  scattering  results  seem  to  indicate  that  there  is  a  second  mesophase  prior 
to  the  nematic  transition.  The  nature  of  this  additional  phase  Is  not  clearly  identified  as  yet  and  is 
currently  under  investigation. 
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